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ABSTRACT 
D ye-sensitized solar cells (DSSCs) are potential, next-generation solar cells 
having advantages in simple, cost-effective production from abundant, 
environmentally-sustainable resource materials, ability to work at various light 
and relatively-low internal temperature conditions, mechanical robustness, and 
feasibility to form flexible devices. Among four main components (i.e. working 
electrode, sensitizer, electrolyte and counter electrode) of DSSC devices, working 
electrode is the most important in deciding cell performances.  
Ideally, a working electrode should have a large surface to absorb dye sensitizer 
molecules, efficient electron transport with low resistance and charge 
recombination rate, and an excellent light harvesting ability. The most commonly 
used electrodes are made of TiO2 nanoparticles, which have a high dye loading, 
but suffers from high charge recombination rate and poor light harvesting ability.  
TiO2 nanorods, as a one-dimensional nanostructure, were expected as a better 
working electrode material with efficient electron transport pathway. At the same 
time, TiO2 nanorods can be more efficient than nanoparticles in scattering incident 
light for repeated light usage in DSSC devices. However, the low surface area of 
nanorods has led to poor photovoltaic performance. Fundamental understanding is 
still required on the light scattering behavior of TiO2 nanorods. 
In this research, TiO2 nanorods were synthesised using a hydrothermal technique. 
The effect of hydrothermal conditions, e.g. precursor concentration, hydrothermal 
temperature and reaction time on nanorod morphology and dimension has been 
systematically examined. As the photoactive material in working electrode, 
single-crystalline nanorods were found to have better photovoltaic performance 
than electrospun TiO2 nanofibres, but due to low dye(N719) loading, nanorods 
still had lower energy conversion efficiency than nanoparticles. 
By adding a thin layer of nanorods on TiO2 nanoparticles, the bilayer electrode 
showed significantly improved light scattering performance and reduced device 
internal resistance. The thickness of the nanorod layer played an important role in 
determining the solar cell performance. The highest energy conversion efficiency 
of 6.6% was achieved by using a 3 μm nanorod layer as the scattering layer, 
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which was more than 40% higher than that of the cell with pure TiO2 
nanoparticles at the same thickness. 
To increase surface area, nano-spines were grown on nanorods using a chemical 
treatment. Because of their high surface area, low electric resistance and effective 
electron transport pathway, surface modified nanorods exhibited a better 
photovoltaic performance than commercial nanoparticles. An energy conversion 
efficiency of 7.12% was achieved on a bilayer working electrode containing both 
surface modified nanorods and nanoparticles.  
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1 Introduction  
1.1 Significance of This Work 
Global energy crisis is one of the most vital challenges facing the human being. 
Fossil energy resources, such as coal, petroleum and natural gas, not only have 
limited availability but also cause environmental problems. Finding clean, cheap 
and renewable energy alternative to fossil fuels has been an urgent task. Among 
all possible renewable energy resources, solar energy is mostly attractive. The Sun 
emits 32×1024 joules energy per year to the Earth, which is far more than what the 
whole world needs. Solar energy is so abundant that even if only 0.01% of it is 
used by us, it can still meet the global energy requirement [1]. Meanwhile, solar 
power is a long-lasting energy resource that can be considered as unlimited. 
Efficient conversion of solar radiation into electric power is a promising solution 
to the energy shortage. 
Currently, the majority of the solar cells are made of crystalline silicon [2]. 
Monocrystalline silicon solar cells have the highest energy conversion efficiency 
and longest lifetime [3]. To reduce the manufacturing costs, polycrystalline silicon 
has been used to make solar cells. Silicon solar cells dominate 90% of current 
market. However, high manufacturing cost and environmental issues associated 
with the manufacture of crystallised silicon have encouraged the development of 
other forms of solar cells.  
To reduce solar cell price, thin film solar cells, e.g. from amorphous silicon, 
organic compounds and dye-sensitized inorganic semiconductor oxides, are 
attracting ever increasing interests from academic and industrial sectors. 
Amorphous silicon solar cells are prepared by applying a thin layer of amorphous 
silicon on a glass or steel instead of using bulk crystalline silicon [4]. Amorphous 
silicon solar cells can be flexible and are lighter weight than the ones made of 
crystalline silicon, but lower in durability and energy conversion efficiency [5]. 
Organic solar cells use organic semiconducting materials to generate electrons 
from solar energy, and they are under intensive investigation to increase 
conversion efficiency and stability.  
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Dye-sensitized solar cells are another important kind of thin film solar cells, 
which have low production cost, flexibility for wide application and prospective 
high energy conversion efficiency, showing potential as a next-generation 
photovoltaic device to replace silicon solar cells[6]. In 1991, the first 
nanocrystalline dye-sensitized solar cell was invented with a photovoltaic 
conversion efficiency of 7% [7]. Since then, dye-sensitized solar cells have been 
developed very rapidly and attracted much attention in both scientific and 
industrial fields. Enormous efforts have been made over the last decade to 
improving the energy conversion efficiency.  
1.2 Research Problems  
A typical DSSC device comprises a semiconductor anode (mostly made of 
titanium dioxide, TiO2, with a thin layer of dye sensitizer on the surface) (also 
referred to as “working electrode”), a counter electrode, and electrolyte solution. 
Under light illumination, the dye sensitizer molecules generate photoelectrons 
which inject into the conduction band of the TiO2. The electrons flow out through 
the back contact and the external load to reach the counter electrode, where they 
are involved in redox reaction with the sensitizer [3, 4]. The working electrode of 
DSSCs plays a key role in determining the solar cell performances. The ideal 
electrode in DSSC should provide rapid electron transport and have high surface 
area. Once the electrode receives the electrons generated from the excited dye 
molecules, it transfers them rapidly to the loading in the external circuit. Longer 
time the generated electrons are held by the electrode, more likely they are 
depleted by either recombination with the oxidized dye molecules or participating 
in a redox reaction. In addition, highly porous electrode could provide a large 
surface for loading dye molecules to generate a large amount of electrons.  
One-dimensional TiO2 nanostructures have been exploited for use in dye-
sensitized solar cells as they could provide direct pathways for electrons to 
transport along the long axis from the injection points to the FTO. Nanorod 
because its unique length-to-width ratio maintains the advantage of one-
dimensional nanostructure as excellent electron carriers and also has relatively 
smaller size than the other 1D structures, like nanofibres, nanowires. As the 
electrode material, these two aspects are critical for high solar cell performance.  
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The working Principle of dye-sensitized solar cells could be briefly described as 
that dye molecules absorb solar energy and generate electrons under excitation. 
The amount of dye molecules loaded on the electrode directly affects the number 
of excited electrons inside the cells. Thus, high surface area is an essential 
requirement for the electrode material as it determines the amount of dye loading. 
On the other side, the solar cell efficiency is greatly affected by two opposite 
phenomena, they are charge separation and recombination. After the electrons are 
injected into the semiconductor electrode from excited dye molecules, they could 
be trapped by holes in electrolyte or excited dye which is known as recombination. 
As the medium for electron transfer, the semiconductor electrode is the 
determining component of these two phenomena. In order to ensure the electrons 
to be effectively transported to the external circuit through the semiconductor 
electrode, thus improving the electron transport efficiency, appropriate 
morphology of the nanocrystalline semiconductor materials should be selected.   
It is widely known that nanoparticles can provide large surface area, but they 
create a large number of grain boundaries between the particles, which result in a 
considerable ohmic loss and reduced energy efficiency. Also because of their 
small particle size, DSSC working electrodes made of nanoparticles often have a 
high level of light transmittance which reduces their efficiency in harvesting 
incident light. 
One-dimensional TiO2 nano crystals have the advantage in effective electron 
transport as well as reduced charge recombination. Compared with TiO2 
nanoparticles, there is almost no grain boundary within one-dimensional TiO2 
crystals. Among all one-dimensional nanomaterials, single-crystalline nanorod 
has low charge transport resistance. Many approaches have already been 
developed to prepare high quality nanorods with controlled morphology and 
dimension. This allows making DSSC working electrodes with improved light 
harvesting performance. Therefore, TiO2 nanorods were selected as the main 
material for working electrode in this research. 
The previous research has demonstrated the high electron transport in nanorod 
working electrodes. However the most critical issue of nanorods is their lower 
surface area compared with nanoparticles, which considerably limits the level of 
dye loading on nanorods, hence the resultant photocurrent density and overall 
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energy conversion efficiency. It is still not clear on the application performance of 
TiO2 nanorods as photoactive layer or light scattering layer. Some significant 
knowledge gaps exist in this field, such as: 
1. How does nanorod dimension affect the DSSC property of TiO2 nanorods? 
2. Can TiO2 nanorods be used as light scattering medium to improve the light 
harvesting property of DSSC devices? 
3. Can dye loading and energy efficiency of TiO2 nanorod DSSC be 
increased by surface modification of the nanorods? 
1.3 Aims of This Thesis  
This PhD study aimed at understanding the application performance of single-
crystalline TiO2 nanorods for DSSCs. TiO2 nanorods with controlled morphology 
were synthesised by a hydrothermal route. The project focused on three specific 
aims aspects as described below:  
1: Using TiO2 nanorods as active material of DSSC working electrode 
Hydrothermal technique is highly efficient in synthesis of nanocrystals with 
controlled morphology and crystal structure. In this research, a hydrothermal 
technique is employed to grow single-crystalline TiO2 nanorods. The effect of 
hydrothermal conditions, such as precursor concentration, hydrothermal 
temperature and time on the nanorod size and crystal structure is systematically 
investigated. By examining the photovoltaic performance of the solar cell devices 
with working electrode made of different TiO2 nanorods, the detailed 
understanding of how the hydrothermal condition and nanorod dimension influent 
the light-to-electricity energy conversion of the nanorods could be obtained. 
2: Improvement of light harvesting ability using TiO2 nanorod light 
scattering medium 
One-dimensional feature and high crystalline structure make TiO2 nanorods have 
effective light scattering ability. By forming a thin layer of working electrode on 
nanoparticle working electrode, the light scattering efficiency and the effect on 
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DSSC performance can be understood. Since nanorod layer thickness could have 
an influence on optical properties, nanorod layer thickness should also affect 
DSSC performance. These results would reveal an overall picture of light 
scattering performance of this non-spherical nanomaterial in DSSC. 
3: Surface modification of TiO2 nanorods to improve DSSC performance  
Nanorods should have lower surface area than nanoparticles when nanorod 
diameter is equivalent to nanoparticle. This may lead to lower dye absorption on 
nanorods. One solution to this issue is to increase surface area through surface 
modification. Surface area of the TiO2 nanorods could be significantly increased 
by growing a thin layer of nanostructured TiO2 on the nanorod surface. How the 
nanostructured TiO2 affects the DSSC and light harvesting ability will be 
systematically examined. 
1.4 Thesis Outline 
This thesis consists of seven chapters as outlined below: 
 Chapter 1 introduces the research problem, aims and outline of this thesis.  
 Chapter 2 is a literature review on recent development in DSSCs. It covers 
solar cell structure, working principles, photoactive materials and main 
components of the solar cell devices. Recent progresses in improving light 
harvesting, charge generation and transport are discussed with great details.  
 Chapter 3 lists all chemicals and materials used, methods to prepare nanorod, 
electrode and DSSC devices, and various characterisations. 
 In Chapter 4, single-crystalline rutile phase TiO2 nanorods were prepared 
using a hydrothermal method with electrospun TiO2 nanofibres as the 
substrate. A systematic investigation on the effect of hydrothermal conditions 
on the physical and electronic properties of the nanorods was conducted. 
Solar cell devices were fabricated using the nanorods as the photoactive layer 
of the working electrodes. The devices showed higher energy conversion 
efficiency than those made of TiO2 nanofibres. 
 Chapter 5 deals with a layered working electrode consisting of a TiO2 
nanoparticle bottom layer and a single-crystalline nanorod top scattering layer. 
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The effect of TiO2 nanorod scattering layer on the optical properties, dye 
loading and photovoltaic performance of the solar cells was examined.  
 In Chapter 6, TiO2 nanorods were surface modified to have a thin layer of 
nanospines on the surface. The effect of surface treatment on the nanorod 
morphology, specific surface area, and crystal structure, optical and 
photovoltaic properties was revealed.  
 Chapter 7 summarises the main conclusions obtained from this research. 
Suggestions for future developments in this area are also given.   
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2 Literature Review 
 
In this chapter, recent developments in DSSCs, TiO2 working electrode and 
improving light harvesting ability of solar cells are summarized.  
2.1 Dye-sensitized Solar Cells (DSSCs) 
Dye-sensitized solar cell was firstly developed in 1991 [7]. It is possible to replace 
silicon solar cells because of its low production cost, flexibility for wide 
application and prospective high energy conversion efficiency [6]. In the last two 
decades, dye- sensitized solar cells have experienced a rapid development, and 
attracted much attention in both scientific and industrial fields. Figure 2-1 shows 
the annual publication number related to DSSCs in 1991~2013. A rapid growth 
can be found since 2008. 
 
Figure 2-1 Number of publications on the subject of “dye-sensitized solar cells” from 
1991 to 2013 (Source: Scopus).  
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2.1.1 Working Principles  
Dye-sensitized solar cells are also called Gratzel cells, which is named after 
Professor Michael Gratzel for his pioneering contribution in this field [8]. As 
shown in Figure 2-2, a typical DSSC device mainly consists of a nanocrystal 
working electrode with sensitizer molecules (normally from a dye) covered on the 
surface, electrolyte and a counter electrode.  
 
 
Figure 2-2 Schematic illustration of DSSC structure.  
Figure 2-23 illustrates the working mechanism of DSSCs. The working electrode, 
also known as photoanode, is composed of a thin layer of inorganic 
semiconductive materials that are coated onto conductive glass. The sensitizer 
molecules (S) are adsorbed onto the surface of the semiconductive layer. When 
photons enter through the conductive glass to excite the sensitizer molecules, 
electron-hole pairs are created. The photo-generated electrons move to the 
conduct band of the working electrode and then flow to the counter electrode 
through the external load circuit. At the same time, the oxidized sensitizer 
molecules capture electrons from the electrolyte to balance their charge for the 
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next excitation. The electrolyte could also be regenerated by reduction at the 
counter electrode [9]. 
 
 
Figure 2-3 Working principle of DSSC [10]. 
The typical electrochemical reactions taking place in a DSSC are listed in 
Formula 2-1. A typical energy conversion cycle involves processes from 1-2a to 
3a and then 4a to generate forward current. Backward current is generated at the 
same time through 1-2b, 3b and 4b, which results in the decrease of DSSC 
conversion efficiency [11]. The photoelectrons after hopping into the TiO2 
nanocrystalline layer may combine with the holes existing in the electrolyte, 
rather than moving to the photoanode, which wastes energy. Electron-hole 
combination may also take place within photo-excited dye molecules, which is 
another cause to reduce the device efficiency. In addition, ionic diffusion in the 
electrolyte also affects photocurrent generation.  
                                     S + hv Æ S*                                 (1) 
S* + TiO2   Æ    S+ + e-(TiO2)          (2a) 
S*  Æ  S                                            (2b) 
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2S+ + 3I-    Æ     2S + I3-                    (3a) 
S+ + e-(TiO2)   Æ    S + TiO2                  (3b) 
I3- + 2e-(catalyst)   Æ     3I-                       (4a) 
I3- + 2e-(TiO2)  Æ    3I- + TiO2              (4b) 
Formula 2-1 Typical electrochemical reactions in DSSC [11] 
The most important characteristics to evaluate solar cells are photocurrent density-
voltage (J-V) curve and incident photo-to-current efficiency (IPCE).  
 
J-V curve 
Figure 2-4 shows the J-V curve of a typical solar cell device, from which short 
circuit current (Isc), open circuit voltage (Voc) and fill factor (FF) can be obtained. 
Isc is the photocurrent when in the circuit is in the short state (the resistance is 
zero), Voc is the voltage value when the circuit is open (the resistance is infinite) 
and FF can be calculated by Equation 2-1:  
FF = Popt / (Isc u Voc) = ׬ ܫሺܸሻܸ݀௏௢௖଴ / (Isc u Voc)                              2-1 
Where Popt represents the maximum electric power output, i.e. the area covered by 
J-V curve in Figure 2-4. Fill factor is the ratio of these two areas, and it’s always 
smaller than 1. 
Photo-electricity efficiency (η) indicates the ratio of Popt and input light power (Pin) 
into the solar cells (Equation 2-2), and it is also named as energy conversion 
efficiency or energy efficiency. 
                                           η= Popt / Pin = ׬ ூሺ௏ሻௗ௏
ೇ೚೎
బ
௉೔೙                                                  2-2 
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Figure 2-4 Typical J-V curve of a solar cell device. 
IPCE 
 
Figure 2-5 A typical IPCE curve of DSSC  [10]. 
IPCE is defined as the ratio of the photoelectron number being transported to the 
external circuit under the short circuit condition and the total number of incident 
photons at a given excitation wavelength λ (Equation 2-3).   
 
ܫܲܥܧ ൌ ௡௨௠௕௘௥௢௙௖௢௟௟௘௖௧௘ௗ௘௟௘௖௧௥௢௡௦௡௨௠௕௘௥௢௙௜௡௖௜ௗ௘௡௧௣௛௢௧௢௡௦ ൌ
಺ೞ೎ሺഊሻ
೐
ು೔೙
೓ೡ
ൌ ௛௖ூೞ೎ሺഊሻ௘ఒ௉೔೙ ൌ ͳʹͶʹǤ͵͹ ൈ
ூೞ೎ሺഊሻ
ఒ௉೔೙         2-3 
h - Planck constant (6.626176±0.000036) ×10ˉ34 J·̏ 
e - Elementary charge (1.6021892±0.0000046) ×10ˉ19 C 
c - The speed of light 299792458±1.2 m·sˉ1 
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Isc - Current density (μA cm-2) 
Pin - Incident light intensity (W m-2) 
 
A typical IPCE curve of DSSC is shown in Figure 2-5. IPCE determines the 
ability of a DSSC to generate photocurrent as a function of the light wavelength. 
It also shows the ability of electron injection from photo-excited sensitizer to the 
semiconducting layer as well as the charge collection efficiency. A higher IPCE 
peak and broader spectrum generally suggest a higher photocurrent that can be 
achieved. 
2.1.2 Main Components   
Dye-sensitized solar cell devices consist of four main components: working 
electrode, sensitizer, electrolyte and counter electrode, as illustrated in Error! 
Reference source not found.. Table 2-1 lists materials some reported for making 
DSSCs and the solar cell properties. 
 
 
Figure 2-6 Schematic illustration of a typical DSSC structure. 
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Table 2-1 Materials for making solar cells and their photovoltaic properties. 
 Materials  ŋ 
(%) 
J 
(mA/cm2) 
V 
(V) 
FF 
(%) 
Year[Ref] 
 
Se
m
ic
on
du
ct
or
 
M
et
al
-o
xi
de
 
TiO2 8.50 17.88 0.730 65.0 2013[12] 
ZnO  7.14 17.01 0.700 60.0 2013[13] 
SnO2 6.02 14.59 0.765 54.0 2012[14] 
Nb2O5 3.05 6.68 0.770 59.1 2010[15] 
C
om
po
si
te
  Hybrid   TiO2/ZnO 8.44 16.08 0.763 68.8 2012[16] TiO2/SWNT 10.60 19.0 0.780 70.0 2011[17] 
Doping TiO2/SnO2 8.31 16.01 0.722 70.7 2012[18] 
TiO2/Nb 7.41 16.45 0.690 65.3 2013[19] 
Core-shell TiO2/Zn 4.89 8.78 0.77 72.4 2013[20] 
TiO2/Au 7.38 14.73 0.720 70.0 2013[21] 
Se
ns
iti
ze
r In
or
ga
ni
c 
Ru(II)- 
polypridyl 
complexes  
N3 11.03 16.5 0.835 75.0 2004[22] 
N719 11.18 17.73 0.846 75.0 2005[23] 
Z907 9.50 16.7 0.753 75.0 2005[24] 
Black dye 11.10 20.9 0.736 72.2 2006[25] 
Quantum dot CdS 4.49 5.91 1.17 65.0 2012[26] 
CdSe 3.68 9.49 0.63 57.2 2010[27] 
CdSe/ZnSe 4.54 11.96 0.84 45.0 2012[28] 
O
rg
an
ic
 
Natural 
dye 
Cyanine dye      
Mangosteen 
pericarp 
1.17 2.69 0.686 63.3 2011[29] 
Synthesized 
dyes 
BG501 3.18 8.40 0.660 57.0 2010[30] 
Y123 6.3 12.1 0.937 55.0 2011[31] 
C219 10.3 17.94 0.77 73.0 2009[32] 
El
ec
tro
ly
te
 
Li
qu
id
 
 
I3-/I- 11.7 19.78 0.758 77.9 2010[33] 
Br-/Br3 5.22 7.12 0.939 78.1 2009[34] 
(SeCN)2/SeC
N- 
7.5 14.56 0.699 73.5 2004[35] 
Q
ua
si
-s
ol
id Ionic liquid  PMII/CB 4.38 8.89 0.726 68 2010[36] 
Organic 
liquid  
PVA/DMSO 4.59 8.18 0.675 45 2013[37] 
So
lid
 p-type 
semiconduct
or 
CuI 4.7 13.0 0.62 58 2004[38] 
Ionic 
conductor  
PMIm 6.3 12.65 0.71 70 2013[39] 
Hole 
conductor  
OMeTAD 7.6 17.2 0.72 61 2014[40] 
C
ou
nt
er
 e
le
ct
ro
de
 Metal 
Composite 
Metal 
Pt 11.18 17.73 0.846 75.0 2005[23] 
Pt/C 6.72 14.46 0.753 61.6 2009[41] 
Ni  6.83 16.2 0.659 64.0 2011[42] 
Carbon C black 9.1 16.8 0.79 68.5 2006[43] 
C  nanotubes 7.03 14.78 0.74 64.7 2011[44] 
Graphene  7.07 15.84 0.77 58 2012[45] 
Polymer PEDOT 10.3 15.9 0.910 71.0 2011[31] 
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2.1.2.1 Working Electrode  
The working electrode, or photoanode, in DSSC functions to provide a large 
surface for loading of dye, and transfer the photogenerated electrons from 
sensitizer to the external circuit. An ideal DSSC photoanode should have a band 
gap which matches well with the band structure of the sensitizer for efficient 
photoelectron injection. Normally, this requires the conduction band of the 
semiconductor in the range of 0.2 eV ~ 0.3 eV lower than that of the sensitizer. 
Based on this, wide band gap semiconductor materials such as Titanium dioxide 
(TiO2) [12, 46], Zinc oxide (ZnO) [13, 47], Tin oxide (SnO2) [14, 48] are often 
used.  
TiO2 has been widely studied as a semiconductor in DSSCs, because of its 
outstanding physical and chemical stability, low cost and suitable band structure. 
More details about TiO2-based DSSCs will be discussed in Chapter 2.2.  
ZnO has a similar energy band structure to TiO2 with a band gap around 3.2-3.3 
eV. Recent research in preparing nanostructured ZnO has made ZnO a promising 
alternative to TiO2 in working electrodes. ZnO nanofibres [49, 50], nanorods [51], 
nanowires [47, 52] have been used to prepare DSSC working electrodes. Seung 
Hwan Ko et al. [52] prepared a novel ZnO nanowire “nanoforest” using a 
hydrothermally technique. As shown in Figure 2-7, the branched structure 
considerably improved the energy efficiency. In spite of great efforts have been 
made to the development of ZnO DSSCs, the energy conversion efficiency is still 
lower than that of TiO2-based DSSCs. A major drawback of ZnO is its poor 
chemical stability, which has hindered its development in DSSCs. 
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Figure 2-7 SEM image of a nanoforest [52].  
SnO2 has a faster electron diffusion rate (125-250 cm2V-1s-1) than TiO2 (0.1~1.0 
cm2V-1s-1), wide band gap (3.6 eV) and high light reflection index. SnO2 has also 
been investigated as working electrode material in DSSCs. Hua Wang et al. [14] 
used single-crystalline nanoparticles to prepare SnO2 hollow nanospheres. The 
DSSC made of the hollow nanosphere photoactive layer had an energy conversion 
efficiency of 6.02%. 
Nb2O5  is another semiconducting material that has been studied in DSSCs [15]. 
Nb2O5 is an insulator with a band gap of 3.5 eV. At low oxygen environment, 
Nb2O5 becomes an n-type semiconductor. By controlling crystal phase, Nb2O5 can 
have a higher conduction band than TiO2, which leads to a higher open circuit 
voltage [15]. Other metal oxides such as Al2O3 [53, 54], Fe2O3 [55], ZrO2 [56] and 
CeO2 [57], and ternary compounds such as SrTiO3 [58] and Zn2SnO4 [59] have 
also been examined in DSSC working electrodes. 
  
Figure 2-8 SEM image of Nb2O5 nanowires prepared by electrospinning and sintering 
[15]. 
Doping metal oxides with metal or non-metal ions has been found to be an 
efficient approach to modify working electrodes. Zhang et al. [60] reported that 
doping TiO2 electrode with Lanthanum (La) greatly improved the photocurrent 
because of the increased oxygen vacancy density on the titanium surface which 
enabled more dye absorption.   
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Sn-doped TiO2 has been prepared by a hydrothermal method [18].  The 
incorporation of Sn4+ ions into TiO2 lattice didn’t change the crystal phase and 
morphology of TiO2, as shown in Figure 2-9. The improvement in the 
photovoltaic performance was attributed to the increased electron transport rate 
within the doped TiO2 layer. However, the doping content considerably affected 
the photovoltaic properties, and sometimes inappropriate doping would cause 
higher possibility of charge recombination. 
 
Figure 2-9 HRTEM images of TiO2 nanoparticles (a) before and (b) after doping with 1% 
Sn [18]. 
Electrode Assembling  
Several methods have been developed to prepare semiconductive electrodes on 
conductive substrates, such as spin-coating [61], doctor blading[62, 63], 
hydrothermal [64, 65], screen printing [66, 67] and chemical vapor deposition [68, 
69]. Table 2-2 lists the methods and their characteristics. Doctor blading, spin 
coating and screen printing are commonly used.  
Spin-coating forms a thin film through rotating flat substrate which is loaded with 
coating solution. The rotating speed depends on the solution viscosity and the 
thickness requirement of the final film. For a coating solution of low viscosity, 
multiple coating cycles are normally needed to achieve the required film thickness 
[61, 70].   
Doctor blading is an easy process and has low requirement on the coating 
equipment. In a typical doctor blading process, the coating solution is spread to 
form a thin film under the scratch of a blade. The coating solution used for doctor 
blading usually has higher viscosity than that used for spin coating.  
Chapter 2 
17 
 
Screen-printing can form a thin coating on various substrates at high speed. It is 
controllable in coating location and thickness. Screen printing has been used to 
make large size solar cells at low processing cost. 
Table 2-2 Methods of preparing DSSC working electrodes.  
Methods Structures Year of 1st 
report [ref] 
Characteristics 
Spin coating 0.3-0.4 μm film 2003 [61] Paste required, 
unsteady thickness 
Doctor blading Mesoporous film 2004 [62] Paste required, simple 
& rapid, wide 
application , 
inaccuracy 
Nanostructured TiO2 2008 [63] 
Nanofibre based film 2011 [71] 
Screen printing Nanostructured TiO2 2003 [67] Paste required, fast, 
wide application,  
strict requirement on 
equipment 
TiO2 powders 2007 [72] 
 2012 [73] 
Electrospinng Nanofibres 2008 [74] Limited application, 
poor adhesion. 
Hydrothermal Anatase nanowires 2010 [64] Limited application, 
pre-coating usually 
required, high 
requirement for 
substrate 
Rutile nanorods 2011 [75] 
Nanoparticle-on-
nanorods 
2011 [76] 
3D “nanoforest” 2012 [47] 
Wet chemical 
growth 
Nanocomposite 2005 [77] Low temperature, 
inefficiency 
Chemical vapor 
deposition 
ZnO-covered  
TiO2film  
2007 [68] Thin film, repeated 
operation 
 
Solutions used for the above-mentioned coating techniques normally contain 
semiconductor; solvent, binding, surfactant and some additives. Commonly used 
materials for making working electrode are listed in Table 2-3. 
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Other preparation methods, such as electrospinning, hydrothermal and sol-gel, 
have also been used to prepare DSSC working electrode. For example, 
semiconducting materials are directly grown onto the substrate by a hydrothermal 
or a wet chemical growth method. Nanofibres are collected on conductive 
substrates during the electrospinning process. More details of these methods will 
be discussed in section 2.2.1.2 synthesis methods.  
Table 2-3 Main components making the working electrode of DSSCs. 
Ingredients Functions Materials used 
Semiconductor Charge transport TiO2, ZnO,  SnO2 
Solvent Control paste viscosity Ethanol, water, acetylacetone 
Binder  Pore-former Ethy cellulose, PVP, PEG 
Surfactant  Increase paste stability    Triton X-100, terpional,  
Other additives  Disperse nanoparticles  Hydrochloride  
 
2.1.2.2 Sensitizers 
Sensitizer functions to absorb solar energy and convert photons to photoelectrons. 
Sensitizer molecular structure and energy band structure play important roles to 
affect charge generation, electron transport and energy conversion efficiency [78, 
79]. The basic requirements for a sensitizer are wide responding spectrum, high 
stability, good adhesion with nanocrystal semiconductive object and effective 
photoelectrons injection capability [10, 80, 81]. Sensitizers can be divided into 
inorganic and organic sensitizers. 
Inorganic Sensitizers 
Inorganic sensitizer molecules are made of two parts, 1) the ligand group that can 
bond with the semiconductive nanomaterials on the electrode, and 2) metal that 
absorbs photo energy from sunlight. Compared with organic sensitizers, inorganic 
ones have higher thermal and chemical stability. 
Among all inorganic sensitizers, Ru(II) polypyridine complexes (Figure 2-10), N3 
[83-86] and N719 [87, 88] are the widely used ones because of their excellent 
charge transfer property and wide light absorption range.  
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Figure 2-10 Structures of some commonly used Ru-dyes for dye-sensitized solar cells 
[82]. 
A Japanese research group fabricated titanium dioxide nanostructured electrode 
with N719 as the sensitizer and reached IPCE up to 85% at the wavelength of 540 
nm, and the overall conversion efficiency of 8.14% was achieved at a working 
area of 0.25 cm2 [89]. It was reported that the electron transport efficiency in 
porous nanocrystalline membranes reduced when optical extinction coefficient  of 
sensitizers increased in the red spectrum region [90].  Ruthenium (II) complexes 
[Ru(L2)(NCS)2] (K8) and [Ru(L)(L9)(NCS)2] (K9) (structures are shown in 
Figure 2-11) showed very good sensitization performance on TiO2 nanocrystilline 
membrane and high incident photon to current efficiency in the visible region. 
The overall conversion efficiency was as high as 8.64% with a short circuit 
photocurrent density of 18±0.5 mA/cm2, an open circuit voltage of 640 ± 50 mV 
and a fill factor of 0.75±0.05. 
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Figure 2-11 Chemical structures of K8 and K9 [90]. 
Recently, amphiphilic homologues of Ruthenium based N3 dye was used as dye 
sensitizer for DSSCs [91]. N3 dye showed good electrostatic binding ability with 
TiO2, high oxidation potential, which increased the reversibility. In addition to 
Ruthenium based chelate sensitizers, quantum dots (QDs) also showed great 
potential as a sensitizer in DSSCs. Quantum dots, such as CdS [92-94], CdSe [51, 
95, 96], PbSe [97, 98] and InAs [99-101], have higher extinction coefficient 
compared to conventional dyes, which could reduce dark current and increase cell 
efficiency. It is also possible to utilize hot electrons of QDs to generate multiple 
electron–hole pairs per photon through the impact ionization effect. 
CdSe quantum dots were adsorbed onto nanostructured SnO2 and planar FTO 
electrodes [102], and then the surface was treated to enhance optical absorption 
and incident-photon-to-current conversion efficiency. Meanwhile, one fast decay 
process and one slow decay process were observed in the lens-free heterodyne 
detection transient grating (LF-HD-TG) signals. The strong dependence of the 
electron relaxation of the CdSe QDs on the morphology of the substrate has been 
revealed by using a transient grating technique to explore the ultrafast carrier 
dynamics of the CdSe QDs. CdS QDs with an average diameter less than 6 nm 
were synthesized and dispersed to a poly(ethylene oxide) (PEO) solution for 
electrospinning to prepare nanofibres with an average diameter of 450 nm [93]. A 
homogeneous distribution of CdS QDs in nanofibres was observed, and the 
interface defects and the visible emission of CdS QDs were compensated by PEO. 
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The QD concentration and electrospinning voltage were critical in determining the 
cell performance.  
 Organic Sensitizers 
A lot of organic dyes have been investigated as sensitizer for DSSCs. Organic 
dyes are widely available at a relatively low cost. The development of organic dye 
sensitizers  has been very fast [103]. Some common sensitizers and their 
photovoltaic performance in DSSC devices are listed in Table 2-1. 
Conventional organic dyes have short anchoring groups which result in low 
bonding capacity with nanocrystalline TiO2 electrode. Chemical modification of 
the dyes increased the adsorption.  
 
Figure 2-12 Molecular structure of Y123 organic dye [31]. 
Hoi et al. [104] designed a new type of donor-π-acceptor (D-π-A) sensitizer: 3-{6-
{4-[bis(20,40-dihexyloxybiphenyl-4-yl)amino]phenyl}-4,4-dihexyl-cyclopenta-
[2,1-b:3,4-b]dithiophene-2-yl}-2-cya-noacrylic acid (Y123), as shown in Figure 
2-12a. By introducing cyclopentadithiophene as the bridge, an obvious red shift 
on the UV-Vis spectrum of Y123 was formed. By using Y123 with a cobalt (II/III) 
based redox couple and a PEDOT coated counter electrode, a high energy 
conversion efficiency of 10.3% was achieved and that has been the highest 
efficiency of DSSCs using organic sensitizers. 
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2.1.2.3 Electrolyte 
Electrolyte in dye-sensitized solar cells functions to provide electrons for 
regenerating activated dye molecules and accept electrons from counter electrode. 
Electrolyte affects charge recombination speed and overall efficiency of solar 
cells. The open-circuit voltage is determined by the difference between the quasi-
Fermi level of the semiconductors and the Fermi level of electrolyte redox. Three 
types of electrolytes, liquid electrolyte [35], solid electrolyte [105-107] and quasi-
solid state electrolyte [108, 109],  have been reported.  
Liquid Electrolyte  
Liquid electrolytes have low viscosity, fast ion diffusion and normally high 
efficiency. They are easy to be designed and have high pervasion in 
nanocrystalline film. Liquid electrolytes mainly consist of solvent, oxidation-
reduction electron pair and additions. Solvents commonly used include 
acetonitrile (ACN), valeronitrile (VN), 3-methoxypropionitrile (MPN), ethylene 
carbonate (EC), propylene carbonate (PC) and γ-butyrolactone. I3-/I- [33], Br-/Br3- 
[34, 110]and (SeCN)2/SeCN- [35, 111] are commonly used oxidation-reduction 
pairs in liquid electrolyte. I3-/I- shows the best performance among them because 
its redox potential ideally matches the Fermi level of TiO2 and sensitizers. 
Solid Electrolyte  
Solid electrolytes have higher long-term stability compared to liquid electrolytes. 
However, it’s still challenging to achieve high energy conversion efficiency using 
solid electrolyte [112]. Currently, the majority of research on solid electrolyte are 
focused on organic hole transport materials [106] [39, 40] and inorganic p-type 
semiconductor materials[38]. 
Organic hole transport material like 2,29,7,79-tetrakis(N,Ndi-p-methoxyphenyl-
amine)9,99-spirobifluorene (OMeTAD) [106] has been reported as solid state 
electrolyte. However, due to its low conductivity, the solar cell used this materials 
only had an energy conversion efficiency of 0.74%. Therefore, it has become a 
common approach to add ionic complex into the organic component to improve 
the conductivity.  
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Quasi-solid State Electrolyte  
Liquid electrolyte in DSSCs shows highly electron transfer efficiency, but is often 
short in electron lifetime and electron leakage. Solid electrolyte has low electron 
leaking, however, the devices have lower energy conversion efficiency than those 
from liquid electrolyte due to low electrolyte/electrode interaction and electron 
transport efficiency. Quasi-solid state electrolytes potentially provide both high 
long-term stability and efficiency [113]. In quasi-solid state electrolyte, viscous 
gelling agent was added into organic solvent. Ionic liquids were also employed to 
form a gel to enhance the stability of the whole system. According to the liquid 
used before gel formation quasi-solid state electrolyte can be divided into organic 
liquid quasi-solid state [37] and ionic liquid quasi-solid state electrolytes [36, 114]. 
Mi et al. [109] fabricated DSSCs with a quasi-solid poly(vinylidenefluoride-co-
hexafluoropropylene) (PVdF-HFP) gel electrolyte and sintered TiO2 nanorod 
working electrode, and the device had an overall efficiency of 6.2%.  
2.1.2.4 Counter Electrode and Conductive Substrate 
Counter electrode in DSSCs is used for the collection of electrons transferred 
from an external load circuit and to catalyze the reduction reaction of oxidized 
sensitizer molecules and electrolyte [80, 115]. Platinum (Pt) is widely used as 
counter electrode for its low electrical resistance and excellent electro-catalytic 
activity for iodide/triiodide redox. Approaches to prepare platinum based counter 
electrode include sputter-coating, thermal decomposition and electrical sputtering. 
Since Pt is a precious metal, the use of Pt makes the solar cells less economically 
competitive. In a recent paper [116], several different alternative counter electrode 
materials such as active carbon [44, 117], carbon black [41, 118], carbon 
nanotubes [44, 119, 120], graphite [121]  graphene [122, 123] and PEDOT[31] 
were reported. Carbon-black on stainless steel exhibited the best performance 
among them. The overall conversion efficiency reached 9.15%, with an open 
circuit photo voltage and a short circuit current density of 785 mV and 16.3 
mA/cm2, respectively.  
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2.1.2.5 Basic Requirements on Designing DSSC Components 
Four main physical processes are involved in functioning of a DSSC device, such 
as charge generation, charge injection, charge transportation and charge 
recombination. To improve DSSC performance, all device components should be 
optimised. Some basic strategies on different components are listed in Table 2-4. 
Table 2-4 Strategies for improving DSSC performance. 
Components Strategies 
Working electrode x Match band gap with sensitizer band structure 
x Increase surface area 
x Increase stability of electrolyte 
x Modification of morphology and structure to 
enhance charge transport 
x Increase light harvesting ability through enhancing 
light scattering 
Sensitizer x Broaden spectrum respond  
x Increase the adhesion to working electrode 
x Improve stability in electrolyte 
x Moderate redox potential for dye regeneration 
Electrolyte x Increase conductive 
x Match electrolyte redox potential with sensitizer 
Fermi level 
x Increase stability 
x Reduce corrosion 
Counter electrode x Increase catalytic activity 
x Increase conductivity 
x Improve stability 
 
2.1.3 Emerging Progress 
The energy conversion efficiency of dye-sensitized solar cells is still much lower 
than that of conversional silicon solar cells. On-going researches are focused on 
improving energy efficiency and performance. Some of the emerging progress in 
improvement of DSSC performance is described below. 
 
Chapter 2 
25 
 
Light-scattering layer 
The working electrode is typically thin (typically around 10~15 microns) and 
translucent optically. As a result, certain portion of light transmits through the 
working electrode, reducing the light utilization and overall energy conversion 
efficiency. Several strategies have been developed to enhance the light utilization, 
including 1) increasing the dye-loading and optical absorption ability through 
increasing TiO2 surface area [124], optimizing dye structures [125], or using 
multiple dyes [126], 2) adding reflective layers on the counter electrode or behind 
[80, 127] and 3) imparting the working electrode with a light scattering function.  
Flexible devices  
 
Figure 2-13  A fibre-shaped DSSC device [130]. 
Flexible DSSCs have been reported. In particular, fibre-based devices have 
attracted increasing interests in fabricating light weight, wearable solar cells for 
domestic and military applications [128, 129]. Figure 2-13 illustrates a fibre-
shaped DSSC (FSDSSC) device. TiO2 nanotubes were radically grown on a Ti 
wire and then dyes were absorbed on the surface. The modified wires are used as 
the working electrode to form a DSSC device with a counter electrode made of 
Fe3O4/CNT composite fibres.   
In 2008, Zou’s group reported FSDSSC with a length of 5 cm and a diameter of 
200 μm. The device was low in photocurrent output, just 0.06 mA. [131] The 
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overall solar cell efficiency was 5.41% with an extended device length of 9.5 cm 
[132]. So far, FSDSSC is still much lower in energy efficiency compared to 
normal DSSCs. Efforts are being made to improve electrode structure, dye 
loading, device stability and durability. 
2.2 TiO2 and DSSC Applications 
Most of the researches in DSSC area are concentrated on working electrodes. In 
this section, the basic properties of TiO2 and TiO2 electrodes for DSSCs are 
summarized. 
2.2.1 Titanium Dioxide 
TiO2 is also named as titanium white or titanium pigment and has been widely 
used in food, cosmetic products and pigments. Because of its non-toxicity, 
chemical stability, suitable band gap, environmental compatibility and low price, 
TiO2 has wide applications in the areas such as solar cells, photocatalysis, self-
cleaning coating, gas sensors, lithium ion batteries, and UV protection. 
2.2.1.1 TiO2 Properties 
Titanium element is the fourth richest element in the earth and it mainly exists in 
the form of titanium oxide in nature. The melting point and boiling point of TiO2 
are 1843°C and 2972°C, respectively[133]. TiO2 has three crystal forms: anatase, 
rutile and brookite. Anatase and rutile phase crystals exist in nature and pure 
brookite phase is only synthesised in laboratory. The appearance and crystal 
structure of the three crystal phases are shown in Table 2-5 Different crystal 
phases2-5. 
Both anatase and rutile crystals have tetragonal atomic arrangement with each O 
atom coordinated to three Ti atoms. They are different in O-Ti-O bond angle and 
Ti-O inter-atomic distance. In rutile, every octahedron forms with other 10 
octahedroms by sharing two edges and eight corners. While in anatase, each 
octahedrom is connected by the side with other eight octahedroms by four edge-
sharing and four corner-sharing.[135] The Ti-Ti atom distance in anatase crystal is 
longer than that in rutile, while Ti-O atom distance in rutile crystal is longer than 
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that in anatase.[136] Anatase crystal has a band gap of 3.2 eV and its density is 
3.89 g/cm3, while the band gap of rutile is 3.0 eV with a density of 4.25 g/cm3 
(Table 2-6) . 
Table 2-5 Different crystal phases of TiO2. 
Crystal 
type 
Anatase Rutile Brookite 
Photo   
 
 
  
Crystal 
structure 
[134] 
 
 
 
 
 
 
   
 
 
TiO2 has better photocatalytic and photovoltaic performance when compared with 
other inorganic semiconductors, because of the wide band gap, versatile 
nanostructure and high chemical stability. Anatase crystal has more reactive facets 
than rutile, therefor it is preferable in photo-catalysis. There is still no clear 
conclusion in which crystal phase is more suitable for making DSSCs. The Fermi 
level of the anatase is 0.1 eV higher than that of the rutile, which makes anatase 
TiO2 preferable. The rutile crystal is superior in light-scattering characteristic with 
high light harvesting efficiency. In addition, higher chemical stability and lower 
price also make rutile TiO2 a better choice in working electrode.  
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Table 2-6 Physical properties of anatase and rutile crystals. 
Crystal phase Anatase Rutile 
Density unite 3.9 4.2 
Band gap (eV) 3.23 3.05 
Reflection Index 2.52 2.71 
 
2.2.1.2 Synthesis methods 
Nanostructured TiO2 is normally prepared from titanium alkoxide precursors, 
such as titanium butoxide (TNB) and titanium isopropoxide (TIP). The common 
approaches to construct TiO2 nanostructures are described below. 
Sol-gel  
Sol-gel process is a favourable method for preparing TiO2 nanoparticles.[70, 137] 
It is a process in which titaium sol hydrolyses and condenses into a wet gel, 
followed by a drying process (Figure 2-14 Hydrolysis and condensation of 
titanium isoproxide [139].). The particle size, crystal phase, thickness and porosity 
of TiO2 nanoparticles can be well controlled by adjusting the parameters [138], 
such as time, concentration and temperature in the sol-gel process.  
 
Figure 2-14 Hydrolysis and condensation of titanium isoproxide [139]. 
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Electrospinning  
Electrospinning is an efficient method to prepare nanofibres. Electrospinning 
utilizes an electrostatic force to draw a viscous solution into ultrafine fibres of 
diameters ranging from tens of nanometers to several micrometers (Figure 2-15). 
 
Figure 2-15 Schematic drawing of an electrospinning setup. 
It is a simple and straightforward approach for producing nanofibres and their 
morphology can be well controlled by changing spinning parameters, such as 
collecting distance, flow rate, applied voltage, spinneret structure and collector 
geometry [140, 141]. Electrospinning can produce not only polymeric nanofibres, 
but also inorganic nanofibres. Normally, inorganic precursor sol is mixed with a 
polymeric thickener to get a solution for electrospinning. The thickener is 
removed after electrospinning through a calcination process to obtain pure 
inorganic nanofibres. Due to the fibre shrinkage at high temperature calcination 
process, inorganic nanofibres often have smaller diameter (<100 nm) than 
polymer nanofibres. 
Hydrothermal/Solvothermal method 
Hydrothermal process involves a heterogeneous reaction of precursor with 
aqueous solvent under high temperature and pressure conditions. Solvothermal 
reaction refers to a similar process but organic solvent is used instead of water. 
Hydrothermal/solvothermal treatments are very useful in designing nanomaterials 
with various morphologies, including particles [142], rods [75, 143], wires [144] 
and tubes.  
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In addition to the morphology, crystal phase is also controllable through a 
hydrothermal/ solvothermal process. For example, rutile or anatase phase TiO2 
nanoparticles were synthesized by using titanium chloride or titanium amine 
complex as precursor at  different pH conditions [145]. 
 
Figure 2-16 Schematic drawing of nanowires growing on FTO from a hydrothermal 
reaction [64].  
Another advantage of hydrothermal process is its capability of directly growing 
oriented nanowires, nanorods or nanoparticle/nanorod complexes on conductive 
substrate for improved electron transfer [65, 75], as shown in Figure 2-16.  
 
2.2.2 Titanium Dioxide Nanostructures and Their Applications in 
DSSCs 
Nano scaled TiO2 in the form of 0D, 1D or 3D structure has been synthesized 
through various methods.  
2.2.2.1 Nanoparticles (0D) 
Nanoparticles have been used to make working electrodes from the beginning of 
DSSC research [7]. Working electrodes made of a thin layer of semiconducting 
nanoparticles (Figure 2-17) provides very large surface area. A large number of 
dye molecules can be absorbed onto the nanoparticles for charge generation.  
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Figure 2-17 A SEM image of TiO2 nanoparticles [8]. 
Although the large surface area and dye adsorption rate, the small grain size and 
an enormous number of grain boundaries between these nanoparticles often cause 
a high charge recombination rate and inefficient energy conversion behaviour. Till 
now, the highest conversion efficiency of DSSCs reported using TiO2 
nanoparticle working electrode is 11.18% [23].  
2.2.2.2 One-dimensional (1D) nanostructures  
Besides nanoparticles, one-dimensional nanostructures, such as nanorods, 
nanofibres, nanowires and nanotubes, have also been reported as working 
electrodes [146]. The one dimension materials are expected to guide charge 
transport and reduce grain boundaries.  
Nanorods 
Nanorods have a diameter in tens of nanometers and a aspect ratio of about 3-5 
[147]. Nanorods can be produced from many different materials, such as metals 
[148-150] and semiconducting materials [151]. Nanorods provide more direct 
pathways for electrons from the injection points to the FTO substrate and have the 
potential to increase the charge collection efficiency. Hoda et al. [152] prepared 
nanorods using a two-step hydrothermal method with P25 nanoparticle as starting 
material. As shown in Figure 2-18, the product has a randomly oriented structure. 
However, the solar cells made of these nanorods only achieved an energy 
conversion efficiency of 4.4%, which was lower than that (5.8%) of their 
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nanoparticle counterpart. This was mainly due to the low surface area of nanorods 
and insufficient dye absorption.  
 
Figure 2-18 TEM image of single-crystal nanorods.[152] 
To improve solar cell performance, aligned semiconducting nanorods have been 
directly grown on conductive substrates [64, 65, 153]. After a hydrothermal 
reaction of titanium butoxide in an acidic solution, TiO2 nanorod array with 
uniform size formed on FTO (Figure 2-19). However due to the limited length and 
low surface area of the nanorods, the final energy conversion efficiency only 
achieved 3%. In a recent report [154], secondary hydrothermal treatment was 
carried out on a 30 μm thick nanorod array to achieve porous nanorods with a 
very high surface and a record efficiency of 7.91%. 
 
Figure 2-19 SEM image of aligned TiO2 nanorods grown on FTO [65]. 
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Nanofibres  
Inorganic nanofibres with controlled size and surface morphology can be 
fabricated by electrospinning (Figure 2-20). Inorganic electrospun nanofibres are 
polycrystalline and their crystal structure is not as ideal as nanorods. The surface 
area of the nanofibres is also lower. Normally, DSSCs made of these nanofibres 
are low in energy efficiency. 
 
Figure 2-20 SEM images of the (a) cross-sectional and (b) top view of a nanofibre 
electrode, (c) & (d) TEM images of a single TiO2 nanofibre. 
Two different approaches have been employed to increase surface area of 
electrospun nanofibres. One was used before the formation of nanofibres [11, 
155], while the other one was after [156, 157] the fibre formation. In the first 
approach, electrospinning solution was mixed with paraffin oil to form a micro-
emulsion. Porous nanofibres are thus electrospun (Figure 2-21a). For the second 
method, electrospun nanofibres were subjected to a surface treatment after 
calcination (Figure 2-21b). For example, TiCl4 aqueous solution was used to 
increase nanofibre surface roughness and surface area [74, 158]. Compared with 
solar cell devices made of normal electrospun nanofibres, the ones after TiCl4 
treatment increased photocurrent density by 30% [157].  
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Figure 2-21 SEM images of porous TiO2 nanofibres prepared from (a) microemulsion 
[155] and (b) TiCl4 treatment [157]. 
Nanotubes  
TiO2 nanotubes have shown superior charge percolation and slow charge 
recombination. The electron lifetime in nanotubes is much longer than that in 
nanoparticles. Nanotubes used for dye-sensitized solar cells are often prepared by 
electrochemical anodic oxidation [159, 160].  
 
Figure 2-22 Schematic image of electrochemical set-up for preparing TiO2 nanotubes 
[159]. 
In a typical electrochemical set-up (Figure 2-22), titanium foil was set as the 
anode and platinum as the counter electrode. Under certain voltage, a highly 
ordered TiO2 nanotube array was formed on the titanium foil (Figure 2-23), which 
was then transferred to FTO for making working electrode [161].  
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Figure 2-23 SEM image of highly ordered TiO2 nanotubes [162]. 
2.2.2.3 Three dimensional (3D) hierarchical nanostructures  
Hierarchical structures combine two or more levels of nanostructures, which take 
the advantages of each individual structure. The most commonly used hierarchical 
structure for making DSSCs contains nanoparticles and one-dimensional 
nanomaterials. One-dimensional nanomaterials form pathway for electron 
transport, and the surface area is increased by nanoparticles. Combining the large 
surface area of nanoparticles and high electron transport of 1D nanomaterials has 
improved DSSC performances [143, 163, 164].     
1D/0D composites 
Electrodes consisting of both 1D and 0D materials could be prepared by mixing 
commercial P25 nanoparticles with nanorods [165], nanowires [166] or nanofibres 
[167] (Figure 2-24). They can also be prepared by in-site growth of nanowires in 
the presence of nanoparticles. In this way, nanoparticle-nanowire contact is 
improved greatly.  
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Figure 2-24 SEM images of (a) P25/nanorod [165], (b) P25/nanowire [166] and (c) 
P25/short nanofibre [167] electrodes. 
A nanocrystal/nanoparticle layer was prepared by mixing ZnO nanocrystals with 
TiO2 nanoparticles first, followed by converting the nanocrystals into ZnO 
nanowires through a hydrothermal reaction. As shown in Figure 2-25, ZnO 
nanowires played two roles: increasing light harvesting and providing direct 
pathway for electron transport. An energy conversion efficiency of 8.44% was 
reported using this composite electrode. 
 
Figure 2-25 Schematic illustration of electron diffuse transport in a) a conventional 
nanoparticle electrode and b) a nanoparticle/nanowire composite electrode [16]. 
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Hierarchical nanostructures were prepared by directly growing secondary 
structure on one-dimensional nanostructures [168-170] using wet chemical 
approaches [52, 169, 171, 172]. A two-step approach including electrochemical 
anodization and hydrothermal modification was used for fabricating hierarchical 
TiO2 nanotubes [168]. The surface area of these rough, hierarchical nanotubes 
was much higher than that of smooth nanotubes (Figure 2-26) which resulted in 
improved dye absorption, photocurrent density and device efficiency.  
 
Figure 2-26 Hierarchical nanotube preparation and corresponding SEM images [168]. 
Hierarchical spheres  
Hierarchical spheres made of nanocrystalline particles [173, 174], nanoribbons 
[114], nanospindles [175], nanomirrors [176], nanooctahedra [177] and nanorods 
[178] have also been developed in recent years to increase surface area of working 
electrode.  
A one-step hydrothermal process was used to synthesise hierarchical TiO2 spheres 
(Figure 2-27). The nanoparticles were initially obtained from the hydrolysis of 
titanium butoxide in an acidic aqueous solution. Nanoribbons were formed on 
nanoparticles, and they were self-assembled into hierarchical spheres. A sintering 
process was used to obtain hierarchical spheres containing TiO2 nanorods and 
nanoparticles. These hierarchical spheres had higher surface area than commercial 
P25 nanoparticles, and device achieved an energy efficiency of 10.34%.  
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Figure 2-27 Schematic diagram to illustrate the formation of nanorod-consisting 
hierarchical TiO2 spheres [178]. 
 
 
Figure 2-28 SEM images of TiO2 spheres made up of (a, b) nanoparticles [173], [177], (c) 
nanospindles [175], (d, f) nanoribbons [12, 114] and (e) nanorods [178] . 
 
Chapter 2 
39 
 
Figure 2-28 shows TiO2 hierarchical spheres assembled from different 
nanomaterials. Their fabrication methods and final DSSC device properties are 
listed in Table 2-7.  
Table 2-7 Properties of DSSCs made of TiO2 hierarchical spheres. 
Element  Method Ti 
source 
Size 
(element/sphere) 
Efficiency Year[ref] 
Nanoparticles Sol-gel 
Hydrothermal 
TIP 12nm/250nm 8.44% 2009[173]  
 
Nanoparticles  Sol-gel 
Hydrothermal 
Ti(OH)4 17nm/350nm 7.61% 2011[177]  
 
Nanospindles Two-step 
hydrothermal 
P25 -/450nm 6.5% 2013[175]  
 
Nanoribbons Solvothermal TBT 15nm/3μm 4.32% 2013[114]  
Nanorods Hydrothermal TBT -/2.1μm 10.34% 2011[178]  
Nanoribbons Hydrothermal Ti foil -/500nm 8.50% 2013[12]  
 
2.2.2.4 Light scattering 
The working electrode in DSSCs is typically thin, around 10~15 microns in 
thickness, and optically translucent. Consequently, a considerable portion of 
incident light travels through the working electrode without participating in 
energy conversion process. Several strategies have been developed to enhance the 
light harvesting, such as optimizing dye sensitizers [125, 126, 179, 180], 
improving dye absorption ability of the semiconducting layer [181], inserting 
reflective layers [182, 183] or enhancing light scattering of working electrode 
[176, 184, 185].  
Enhancing light scattering is a practical way to improve the light harvesting 
efficiency of DSSCs. Unlike a mirror which reflects light in a single direction, a 
scattering medium can spread a beam of incident light into all directions around 
the medium. This assists in reflecting transmission light backwards the TiO2 
electrode for repeated use. Three main approaches have been reported to enhance 
DSSC light scattering ability: 1) incorporation of large semiconducting particles 
into TiO2 electrode [186], 2) building a separate scattering layer (mostly using 
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large particles) [187], and 3) adoption of special TiO2 structure that possesses both 
high light scattering efficiency and large specific surface area [188]. These 
approaches were applied to prepare working electrodes with a single 
semiconducting layer, bilayer or multilayer structure. 
 
Figure 2-29 Schematic drawings of (a) monolayer and (b) bilayer scattering electrodes.  
Monolayer  
The early experiment to improve light scattering in DSSC employed a single 
active layer working electrode.  Micro-sized particles were mixed with 
nanoparticles to form a hybrid layer (Figure 2-29a).  
 
Figure 2-30 (a) Schematic illustration and (b) SEM image of a working electrode having 
TiO2 nanoparticle aggregates [189]. 
Although a scattering layer could effectively increase the light harvesting 
efficiency, the large size of the microparticles normally leads to considerably 
reduced surface area and dye loading which will reduce photocurrent of solar cells. 
It would be more efficient to have a light scattering material that maintains high 
surface area. 
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Satyanarayana et al [189] developed a TiO2 nano particulate structure for DSSCs. 
The working electrode was made of a monolayer aggregated TiO2 microspheres 
(diameter of a few micrometers). Without using any template, the aggregates were 
prepared using a sol-gel process in the presence of cetrimonium bromide (CTAB). 
As shown in Figure 2-30, each sphere consists of many nanoparticles. The 
electrode had a very high surface area and a cell conversion efficiency of 9.00% 
was achieved. Light scattering effect has significantly improved the photovoltaic 
performance. 
 
Figure 2-31 SEM images of amorphous TiO2 beads formed by a solvothermal process 
with ammonia amount of (c, d) 0 ml, (e) 0.5 mL, (f) 1.0 mL, and corresponding XRD 
patterns. (S1-a,b;S2-c,d; S3-e; S4-f) [190]. 
A two-step process combining sol-gel and solvothermal treatment has been 
reported to prepare TiO2 hierarchical microspheres [190]. As shown in Figure 2-
31, these microspheres were formed by many tiny nanocrystals and their surface 
area was controlled by ammonia concentration in the solvothermal solution. 
Because of their high surface area and effective light scattering behaviour, the 
DSSC device showed an overall efficiency of 7.2%, which was much higher than 
that (5.66%) of the commercial P25 nanoparticle based DSSC. 
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Figure 2-32 Schematic drawing of working electrode containing spherical voids. 
 
In addition to microparticles and nanoparticle aggregates, micro-sized voids have 
also been used as the scattering center [191, 192]. The voids were formed by 
removing polymer particle templates from semiconducting nanoparticle matrix 
during sintering process [193, 194], a schematic drawing of the working electrode 
with voids are shown in Figure 2-32. 
Sarmimala et al. [192] used 400 nm polystyrene particles as a scarifying material 
to prepare spherical voids within a TiO2 nanoparticle electrode. Because of the 
light scattering effect, the incident light captured in the voids could be repeatedly 
used for photoelectron generation, and as a result, there was an increase of 25% in 
the overall efficiency of the solar cell device.  
Bilayer  
Another way of forming a working electrode with enhanced light scattering is to 
use a bilayer structure. It is formed by applying an extra scattering layer on the 
active layer. Mesoporous microspheres with controlled diameter and pore size 
were hydrothermally prepared and used to form a top scattering layer [195] [196]. 
The microspheres with an average diameter of 587 nm could achieve a device 
energy efficiency of 9.37%, which was 37.7% higher than that of the DSSC 
containing a similar size dense microsphere scattering layer. 
Other materials, such as one-dimensional nanorods [197], two-dimensional 
nanosheets [198] and microplates [199], have also been examined as the light 
scattering layer to enhance light harvesting of DSSCs. 
 
Figure 2-33 Illustrations of (a) hollow spheres as a scattering layer and (b) enhancement 
of light diffraction and reflection. 
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Hollow spheres with the size comparable to the wavelengths of visible and near-
infrared light can improve the light diffraction from the sphere surface and 
reflection from the shell structure, as shown in Figure 2-33. Hollow TiO2 spheres 
with a size of 1~3 μm and a wall thickness of 0.25 μm were formed from TiO2 
nanoparticles [200]. By using these hollow spheres as a scattering layer in DSSCs, 
a high solar cell efficiency of 10.34% was achieved. TiO2 hollow spheres with a 
very novel shell-in-shell structure were also prepared as light scattering materials 
[201]. As shown in Figure 2-34, the double-shell structure could significantly 
enhance the light utilization within the spheres and thus led to an energy 
conversion efficiency of 9.1%. 
 
Figure 2-34 TEM image of a shell-in-shell TiO2 (S@S-TiO2) hollow sphere and (b) SEM 
image of a bilayer electrode with a P25 bottom layer and a S@S-TiO2 top layer [201]. 
Multilayer  
To further improve light harvesting ability, a second scattering layer can be 
applied onto a bilayer working electrode. As shown in Figure 2-35, a triple-layer 
electrode was made of TiO2 nanoparticles with different sizes in different layers 
[202]. DSSCs made of this triple layer structure had a maximum device efficiency 
of 5.38%, which is higher than that of the bilayer device having only one 
scattering layer (4.63%). 
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Figure 2-35 (a) Schematic diagram and (b) SEM image of a triple-layer working electrode 
[202]. 
Increasing light scattering is a practical way to improve the light harvesting 
efficiency of DSSCs. Table 2-8 summaries some recent work in this area. 
2.3 Summary  
A great number of efforts have been made to improve cell efficiency since the 
first appearance of DSSC device in 1991. Among four main components of a 
DSSC, the working electrode is the most critical one and its quality determines the 
performance of the DSSC devices. Despite the fact that various semiconducting 
materials with different structures (e.g. 0D, 1D, 2D and 3D) have been used to 
make working electrode, working electrodes made of single crystal nanorods have 
less been studied. 
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Table 2-8 TiO2 scattering electrodes in DSSCs.  
Electrode  Crystal 
Structure 
Synthesis method Crystal 
phase 
Efficiency Ref. 
M
on
ol
ay
er
 
 
Nanorod in NP matrix 
Wet chemical 
growth 
ZnO 8.44% [16] 
Aggregation particle Sol-gel with 
surfactant 
Anatase 9.0% [189] 
Mesoporous sphere Hydrothermal  Anatase  6.01% [203] 
Hydrothermal  Anatase 2.93% [204] 
Voids Template  - 6.7% [192] 
B
ila
ye
r 
Single crystal Nanorod Hydrothermal  Anatase 7.1% [197] 
Particle  Hydrothermal Anatase  7.4% [205] 
Nanopindle Solvothermal Anatase 6.97% [185] 
Octahedron-like particle Hydrothermal  Anatase 8.0% [206] 
Rice shape Electrospun Anatase 7.45% [207] 
Hexagonal plate Hydrothermal Anatase 7.91% [199] 
Nanoleaves Hydrothermal Anatase 6.5% [198] 
Nanostars  Hydrothermal  Rutile  5.38% [208] 
Nanoflowers  Hydrothermal  Rutile  7.24% [172] 
Mesoporous 
Spheres 
Solvothermal Anatase 8.25% [209] 
Electrospun Anatase 8.02% [210] 
Solvothermal Anatase 7.94% [46] 
Hydrothermal  Anatase 6.96% [211] 
Hollow spheres Solvothermal Anatase 9.43% [200] 
Template Rutile - [212] 
Self-assemble Anatase 7.48% [213] 
Solvothermal  anatase 9.12% [214] 
hydrothermal hybrid 8.27% [201] 
Voids Template - 5.7% [191] 
M
ul
ti-
la
ye
r Particles - - 5.38% [202] 
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3 Materials and Methodology 
In this chapter, the materials, experimental details on material preparation and 
related characterisations are described.  
3.1 Materials 
Titanium (IV) butoxide (TNB, reagent grade 97%), polyvinylpyrrolidone (PVP; 
Mw 1,300,000 g/ml), 3-methoxypropionitrile (MPN), lithium iodide (99.99%), 
iodine (99.999%), 4-tert-Butylpyridine (TBP), ethyl cellulose (EC), α-terpineol 
and Triton X-100 were purchased from Sigma-Aldrich. Acetonitrile was 
purchased from BDH Chemicals Ltd. Poole England. Acetylacetone, tert-buthanol 
(reagent), acetic acid glacial (reagent) and ethanol (100% analytical reagent) were 
obtained from Ajax Finechem. Titanium dioxide (P25) was kindly provided by 
Degussa. Hydrochloric acid (35%) was purchased from Merck. 3-
Propylimidazolium iodide (PMII) and dye (Bu4N)2[Ru(dcbpyH)2(NCS)2] (N719) 
were supplied by Dyesol industries Pty Ltd. Fluorine doped tin oxide (FTO) was 
delivered from Asahi Glass Co., Ltd. 
3.2 Preparation of TiO2 Nanostructures and DSSC 
Devices 
3.2.1 Electrospinning   
0.7g PVP was mixed with 8 ml ethanol and 2 ml acetic acid to form a 
homogeneous solution. Titanium butoxide (1g) was then slowly dropped into the 
solution. After stirring for 3 hours, the whole mixture was ready for 
electrospinning. The spinning solution was placed into a 5 ml plastic syringe with 
a 23 gauge metal needle. The needle was connected with high voltage power 
supply (ES30P, Gamma High Voltage Research), and a grounded collector was 
placed 20 cm away from the needle tip. A syringe pump (KD scientific) was used 
in the electrospinning process to control solution flow rate. 
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3.2.2 Hydrothermal Preparation of Nanorods (NRs)  
After removing all organic components in the as-spun PVP/TiO2 nanofibres by 
calcination at 500 °C for 2 hours in a Muffle furnace, pure TiO2 nanofibres were 
obtained. A hydrothermal method was used to grow TiO2 nanorods on the TiO2 
nanofibres. The hydrothermal solution was prepared by adding TiO2 nanofibres 
(0.05 g) and TNB (2 ml) into a 100 ml Teflon-lined autoclave filled with a 
mixture of deionized water (30 ml) and 35% HCl (30 ml). The sealed autoclave 
was left in an oven at 150 °C for four hours, and then the white precipitations 
were rinsed with deionized water and dried at 50 °C for 8 hours. 
3.2.3 Surface Modification on Nanorods (S-NRs)  
TiO2 nanorods were surface treated in TiCl4 solutions to obtain hierarchically 
structured nanorods. During treatment, 0.1g TiO2 nanorods were added into 20 ml 
of different TiCl4 aqueous solutions (0.1, 0.2, 0.3 and 0.4 M) for surface treatment 
at room temperature for 20 hours. The surface structured TiO2 nanorods were 
washed by de-ionized water for three times after the treatment and then dried in a 
Freeze-Dryer (Labconco) for 48 hours. 
3.2.4 Preparation of TiO2 Electrodes  
0.5g TiO2 nanomaterial, acetic acid (0.1 ml), ethanol (3.0 ml), terpionel (1.5 g) 
and ethyl cellulose (0.25 g) were mixed and ground to form a paste. The TiO2 
paste was coated onto FTO glasses to form TiO2 electrodes using a doctor-blade 
technique and then sintered for 15 minutes at each of the temperatures of 60 °C, 
150 °C, 300 °C and 500 °C, with a heating speed of 5 °C/min. All the coatings for 
single layer electrode were kept at a similar thickness of 12 μm. To prepare 
double layer TiO2 coatings, a layer (3 μm) of NR or S-NR paste was coated on the 
top of a pre-coated NP layer (12 μm) on FTO before calcination. Double layer 
electrodes were maintained for a thickness of around 15 μm. 
3.2.5 Fabrication of DSSC Devices 
The TiO2 electrodes were immersed in a N719 dye solution (1:1 mixture solvent 
of tert-buthanol and acetonitrile, 0.3 mM) at room temperature for 24 hours, and 
then the electrodes were washed with water and ethanol to remove all unattached 
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dye molecules before drying in the air. A thermoplastic sealant (50 μm, Dyesol) 
was used to bond the as-prepared working electrode (active area: 0.25 cm2) with a 
platinum (Pt) coated counter electrode. A liquid electrolyte (0.6M PMII, 0.5M 
TBP, 0.1M LiI and 0.05M I2 in MPN) was filled into the device and another small 
piece of microscope glass was used to seal the cell tightly.  
 
 
3.3 Characterisations 
3.3.1 Scanning Electron Microscopy (SEM) 
The morphology of electrospun nanofibres, TiO2 nanofibres, TiO2 nanorods and 
hierarchical TiO2 nanorods was observed using a Supra 55 VP FEG-SEM. 
Samples were placed on the Al stubs and gold coated (Baltec SCD50) for 60 
seconds. Fibre diameter and nanorod dimension were calculated based on the 
SEM images using image processing software (Image-J).  
3.3.2 Transmission Electron Microscopy (TEM) 
Transmission electron microscope (TEM) images and the selected area electron 
diffraction (SAED) patterns of a single nanorod were obtained using a JEM-2100 
TEM.   
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3.3.3 X-Ray Diffraction (XRD) 
XRD was used to analysis the crystal structure and crystal phase ratio of different 
TiO2 nanomaterials. XRD curves were obtained on a diffractometer (Panalytical 
XRD) using Cu radiation 1.54 Ǻ. The samples were analysed at room temperature 
with sampling intervals of 0.02º and a scanning rate of 0.25 º/min. The XRD 
patterns were analysed on the software Highscope to obtain crystal phase content 
information. 
3.3.4 Brunauer-Emmett-Teller (BET) 
Specific surface area of TiO2 nanomaterials was analyzed use a Tristar 3000 BET 
analyzer. Samples weighed around 0.5g were filled into a quartz tube and 
degassed for 60 minutes at 150°C. The tube was then bathed into liquid nitrogen 
and the test was carried out using N2 absorption method. 
3.3.5 Ultraviolet-Visible Spectroscopy (UV-Vis) 
UV-Visible absorption spectra were conducted using a UV-Visible 
spectrophotometer (Cary 3) to detect desorbed dye molecules from electrode and 
light absorption property of TiO2 electrode. UV-Visible reflection spectra were 
also acquired from the same UV-Visible spectrophotometer with additive 
integrating sphere. UV-Visible transmittance spectra were obtained from an 
Ocean Optics SUB4000 UV-Vis spectrometer assembled with DH-2000-BAL UV 
light source.  
For calculating the amount of dye molecules attached on the TiO2 electrode, the 
dyed film was immersed into the 50mM NaOH aqueous solution. Then the UV-
Visible absorption spectrum of the dye solution was measured by Cary 3.  
According to Lambert-beer law C=A/KL 
A- Light absorbance under a certain wavelength (515nm) 
C- N719 concentration (mol/L) 
K- The molar extinction was determined to be 1.41*104 dm3mol-1cm-1 at 515nm.  
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L- Width of the cuvette (1cm) 
For the electrode with working area of S, immersed in NaOH aqueous solution V, 
the dye loading X could be calculated as follows: 
X=CV/S 
V- Volume of NaOH solution (L) 
S- Square of electrode (cm2) 
3.4 Characterisation of DSSC Devices  
3.4.1 Film Thickness  
The thickness of TiO2 coating on working electrodes was measured by a Veeco 
Dektak 6M profilometer (Figure 3-2). 
 
Figure 3-1 Veeco Dektak profilometer. 
3.4.2 Photocurrent Density-Photovoltage Curves (J-V) 
J-V curves were recorded on a Keithley model 2440 source meter and a Newport 
solar simulator system (equipped with a 1KV xenon arc lamp, Oriel) at one sun 
(AM 1.5G, 100 mWcm-2) illumination (Figure 3-3). 
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Figure 3-2 Solar simulator system. 
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3.4.3 Incident Photon-to-Electron Conversion Efficiency (IPCE)  
Incident 
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Figure 3-3 IPCE testing set up 
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Isc(λ) - Monochromatic short circuit current 
Pin - Input light power 
 
3.4.4  Electrochemical Impedance Spectroscopy (EIS) 
Electrochemical Impedance Spectroscopy (EIS) characterization was carried out 
in a dark condition with a forward bias of 0.7 V with a frequency range from 0.1 
Hz to 105 Hz. (Figure 3-5) 
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Figure 3-4 EIS characterization system.
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4 TiO2 Nanorod Preparation and Working 
Electrode Performance in DSSCs  
Single crystal TiO2 nanorods were synthesized using a hydrothermal technique. 
The effect of hydrothermal conditions, i.e., precursor concentration, hydrothermal 
temperature and time, on the nanorod morphology and crystal structure was 
examined. The synthesized nanorods were used as working electrodes to prepare 
DSSC devices where the effect of the nanorod morphology on DSSC properties 
was also investigated. A comparison between the DSSC device made of 
commercial P25 nanoparticles, TiO2 nanofibres and nanorods was conducted. 
4.1 Experimental 
 
Scheme 4-1 Processes of material preparation and device fabrication. 
TiO2 nanorods were prepared through a hydrothermal technique using pure TiO2 
nanofibres and titanium butoxide (TNB) as starting materials. The experimental 
processes are illustrated in Scheme 4-1.  
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The TNB/PVP composite nanofibres were firstly prepared using an 
electrospinning process followed by a high temperature calcination for removing 
all the organic components from the fibre. TiO2 nanorods were grown on the 
nanofibres to form a hierarchical nanorods-on-a-nanofibre nanostructure using a 
hydrothermal process. The TiO2 nanofibres and nanorods were characterised by 
SEM, TEM, XRD and BET. The nanorods were finally used to make a working 
electrode whose photovoltaic properties were characterised. 
4.2 Results and Discussion 
4.2.1 Morphology of Nanofibre and Nanorod  
 
Figure 4-1 SEM images of (a&b) as-electrospun composite nanofibres and (c) calcinated 
TiO2 nanofibres. (d) TEM image of a single calcinated TiO2 nanofibre. 
Figure 4-1a & b show the morphology of TNB/PVP nanofibres prepared by 
electrospinning from the TNB/PVP solution. All fibres appeared uniform with a 
smooth surface. The average fibre diameter was around 125 nm. The nanofibres 
were then subjected to a calcination treatment to remove all organic components 
from the composite. The pure TiO2 nanofibres were obtained as shown in Figure 
4-1c from which it can be seen that the pure TiO2 nanofibres had a rough surface. 
The calcination also caused the shrinkage of the fibres. The pure TiO2 nanofibres 
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fibres had an average diameter of 83 nm. TEM imaging of a single TiO2 fibre 
indicated that the TiO2 nanofibre had a porous structure composing many 
nanocrystals with an average size around 15 nm (shown in Figure 4-1d).  
 
Figure 4-2 SEM (a) and TEM (b) images of the hierarchical nanofibres, (c) cross-
sectional view of the hierarchical nanofibres and TEM image (d) of a single nanorod and 
the corresponding SAED pattern.  
The hydrothermal treatment of the TiO2 nanofibres led to the formation of a 
hierarchical nanorods-on-a-nanofibre (NRs-on-a-NF) structure. As shown in 
Figure 4-2a, nanorods about 25-35 nm in diameter and 200-300 nm in length are 
uniformly arranged to from a nanorods-on-a-nanofibre structure. The TEM image 
in Figure 4-2b demonstrates that the nanorods are radically grown from the 
nanofibres, which can be clearly seen from the cross-sectional view (Figure 4-2c) 
of the fibre after the hydrothermal treatment. From Figure 4-2c it can also be seen 
the nanorods have uniform lengths and diameters. From the TEM image in Figure 
4-2d of a single nanorod, typical crystal lattice fringes can be observed and the 
SAED pattern also confirms the nanorods are single-crystalline, where the three 
diffraction patterns were from (111), (001) and (110) facets of rutile crystal phase 
TiO2. The experimental results demonstrate that a combined procedure of 
electrospinning and hydrothermal is an effective method of preparing single-
crystalline TiO2 nanocrystals.  
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4.2.2 Crystal Structure of Nanofibre and Nanorod  
 
Figure 4-3 XRD patterns of (a) as-electrospun composite nanofibres, (b) calcinated TiO2 
nanofibres and (c) hierarchical nanofibres.  
The crystal structure of different TiO2 materials was examined using XRD. The 
XRD curves in Figure 4-3a show that the as-electrospun composite TNB/PVP 
nanofibres were amorphous, which was mainly because TiO2 was not crystallized. 
High temperature calcination led to the crystallization of the amorphous TiO2. The 
XRD peaks in Figure 4-3b indicate that the calcinated TiO2 nanofibres are in 
anatase crystal phase. The hydrothermally synthesised TiO2 contained both 
anatase and rutile crystal phases as can be seen from Figure 4-3c.  
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4.2.3 Effect of TNB Concentration 
 
Figure 4-4 SEM images of the hierarchical nanofibres prepared in hydrothermal solutions 
with different TNB concentrations. (a) & (b): 0.85%; (c) & (d): 1.7%; (e) & (f): 3.4% and 
(g) & (h): 5.1%. 
The TNB concentration in the hydrothermal solution played an important role in 
determining nanorod size, specific surface area and anatase/rutile crystal phase 
ratio. Figure 4-4 shows the SEM images of the hierarchical nanofibres synthesized 
with different TNB concentrations. The nanorod dimensions which were 
calculated based on the SEM image are shown in Figure 4-5. 
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Figure 4-5 Effect of TNB concentration on nanorod diameter and length. 
At a low TNB concentration (0.85%), a small amount of nanorods were produced, 
which deposited uniformly on the TiO2 nanofibres. With the increase in TNB 
concentration, more nanorods were formed. When the TNB concentration reached 
5.1%, the nanofibres were fully covered by nanorods and the nanofibres were 
hardly seen. 
Both nanorod diameter and length gradually increased with increasing the TNB 
concentration in the hydrothermal synthesis. The average nanorod length 
increased from 217 nm to 377 nm and the nanorod diameter changed from 19.6 
nm to 86.9 nm when the TNB concentration was increased from 0.85% to 5.1%. 
 
 
Figure 4-6 Effect of TNB concentration on nanorod specific surface area. 
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The change in nanorod size also affects their specific surface areas (Figure 4-6). 
Without hydrothermal treatment, the TiO2 nanofibres had a specific surface area 
of 22.29±0.37 m2/g. The formation of the TiO2 nanorods increased the specific 
surface area of the initial nanofibres, and with the increasing nanorod density on 
the TiO2 nanofibres the overall specific surface area of the hierarchical structure 
increased accordingly. When the TNB concentration was 1.7%, the specific 
surface area reached 37.63±0.33 m2/g. However, higher TNB concentration 
decreased the surface area to 27.14±0.33 m2/g when the TNB concentration 
reached 5.1%. This was because the considerably increased nanorod size caused 
the decrease of the specific surface area. 
 
Figure 4-7 XRD patterns of the hierarchical TiO2 nanofibres prepared with different TNB 
concentrations. ((a): 0.85%; (b): 1.7%; (c): 3.4% and (d): 5.1%). 
Figure 4-7 shows the XRD results of different hierarchical TiO2 nanofibres. All 
the nanofibres contain both anatase and rutile crystals. According to the crystal 
phase ratios in Figure 4-8, the rutile phase content increased gradually with the 
TNB concentration in the solution. It has already been confirmed that the starting 
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TiO2 nanofibres had only anatase phase and the nanorods grown on them were 
rutile crystals. At a low TNB concentration of 0.85%, only 29% of the rutile 
crystals were formed. However, there were 78% rutile crystals in the hierarchical 
nanofibres when the TNB concentrated reached 5.1%.  
 
Figure 4-8 Crystal phase ratios of the hierarchical TiO2 nanofibres prepared in 
hydrothermal solutions with different TNB concentrations.  
4.2.4 Effect of Hydrothermal Temperature 
To understand the effect of hydrothermal temperature on the nanorod formation, 
the hydrothermal treatment was carried out separately at three different 
temperatures (130°C, 150°C and 170°C) for the same period of time (4 hours) 
using  3.4% TNB. Figure 4-9 shows the SEM images of the products. The 
corresponding nanorod diameter and length were calculated based on the SEM 
images, as listed in Table 4-1.  
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Figure 4-9 SEM images of the hierarchical TiO2 nanofibres prepared at hydrothermal 
temperatures, (a & b): 130 °C; (c & d): 150 °C; (e & f): 170 °C.  
 
Table 4-1 Diameter and length of TiO2 nanorods prepared at different temperatures. 
Temperature (°C) Diameter (nm) Length (nm) 
130 48.5 238.8 
150 54.6 317.6 
170 120.0 701.4 
 
It can be found that both nanorod diameter and length increased with elevating 
hydrothermal temperature. When the temperature changed from 130 °C to 150 °C, 
no significant change in either rod diameter or length was observed. However, 
when the temperature increased to 170 °C, the nanorod size was dramatically 
increased. The diameter increased more than 200% (from 54.6 nm to 120 nm) and 
the length increased by around 10 times (317.6 nm to 701.4 nm). 
 
Chapter 4 
63 
 
 
 
Figure 4-10 The relationship between nanorod specific surface area and 
hydrothermal temperature. 
The specific surface area of the nanorods decreased slightly from 36.72±0.20 m2/g 
to 33.2±0.25 m2/g when the hydrothermal temperature increased from 130 °C to 
150 °C. A sharp decrease in the specific surface area occurred when the 
hydrothermal temperature was increased from 150 °C to 170 °C.  
 
Figure 4-11 XRD patterns of the hierarchical TiO2 nanofibres prepared at different 
hydrothermal temperatures. (a): 130°C; (b): 150°C and (c): 170°C. 
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XRD results of the hierarchical TiO2 nanofibres prepared at different temperatures 
are shown in Figure 4-11. It can be clearly seen that the intensity of the anatase 
crystal peak decreased with increasing hydrothermal temperature. The rutile phase 
content of the hierarchical TiO2 nanofibres slightly increased with the increase in 
the temperature (Figure 4-12), which means the hydrothermal temperature had a 
minor effect on the crystal phase of TiO2 nanorods in the studied temperature 
range.  
 
Figure 4-12 Crystal phase ratios of the hierarchical TiO2 nanofibres prepared at different 
hydrothermal temperatures.  
4.2.5 Effect of Hydrothermal Time 
Figure 4-13 shows the effect of hydrothermal reaction time on the morphology of 
hierarchical TiO2 nanofibres. By changing the hydrothermal time from 1 hour to 
10 hours, both nanorod diameter and length increased accordingly, and the most 
obvious increase happened when the reaction time was increased from 8 hours to 
10 hours, as can be seen from Table 4-2. When the reaction time was less than 3 
hours, the nanofibres were only loosely covered by the nanorods. Once the 
nanorods covered the entire surface of the nanofibres, extending the hydrothermal 
time resulted in increased nanorod size. 
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Figure 4-13 Effect of hydrothermal time on the morphology of the hierarchical TiO2 
nanofibres. (a): 1h; (b): 2h; (c): 3h; (d): 4h; (e): 6h; (f): 8h; (g): 10h and (h): 24h.  
However, when the reaction time was further increased from 10 hours to 24 hours, 
a significant decrease in both nanorod diameter and length took place. This was 
probably due to redissolving of the nanorods back into the hydrothermal solution. 
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Table 4-2 Effect of hydrothermal time on TiO2 nanorod dimension. 
Time  Diameter (nm) Length (nm) 
1h 37.7 79.5 
2h 44.2 201.3 
3h 41.8 189.4 
4h 54.6 317.6 
6h 67.5 351.2 
8h 89.2 526.8 
10h 246.5 776.7 
24h 56.9 372.4 
 
 
Figure 4-14 XRD patterns of the hierarchical TiO2 nanofibres prepared with different 
hydrothermal time. 
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Similar to the effect of hydrothermal temperature, increasing hydrothermal time 
led to a decreased anatase crystal phase peak, as shown in Figure 4-14. When the 
hydrothermal reaction was carried out for only 1 hour, 52% of the anatase crystals 
in the nanofibres were converted to rutile nanorods (Figure 4-15). By increasing 
the hydrothermal time gradually to 10 hours, rutile composition also increased 
gradually to 85%. The crystal ratio had little change when the hydrothermal time 
was increased from 10 hours to 24 hours. 
 
Figure 4-15 Crystal phase ratios of the hierarchical TiO2 nanofibres prepared with 
different hydrothermal time. 
4.2.6 Photovoltaic Properties of TiO2 Nanorods  
To understand the photovoltaic performance of these TiO2 nanorods, the nanorods 
prepared at different hydrothermal conditions were fabricated into DSSC devices 
as the photoactive layer of working electrode, and their photovoltaic properties 
were examined.  
Both TiO2 nanofibres and nanorods were mechanically ground to prepare coating 
pastes which were then coated onto conductive glass to form working electrodes. 
Figure 4-16a shows the SEM image of an electrode made of ground short sections 
of TiO2 nanofibres, with ~ 1 μm in length without damaging the fibre feature. The 
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ground nanorods are shown in Figure 4-16b, which still maintained the original 
shape. Both working electrodes had a porous structure (Figure 4-16d). 
 
Figure 4-16 SEM images of the working electrodes made of (a) TiO2 nanofibres and (b) 
TiO2 nanorods, (c) Digital photo of a DSSC device, (d) Cross-sectional SEM view of the 
TiO2 nanorod working electrode. 
Figure 4-16c shows a typical DSSC device prepared. The thickness of the 
photoactive layer was controlled at around 12 microns for all the devices (Figure 
4-16d).  
4.2.6.1 TNB concentration  
TiO2 nanofibres and TiO2 nanorods prepared at different TNB concentrations were 
assembled into DSSC devices as the photoactive layer. Their photocurrent 
density-voltage (J-V) curves are shown in Figure 4-17, and the corresponding 
photovoltaic parameters are listed in Table 4-3. It can be found that all the devices 
had a similar photovoltage around 700 mV, which was directly related to the 
selection of working electrode material and photosensitive dye. The nanofibre 
device had the lowest short-circuit current density (Jsc) of 6.31 mA/cm2, which 
was probably because of the low dye loading on the nanofibre electrode (as listed 
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in Table 4-3). For the nanorod devices, the device NR3 had the highest dye 
loading of 7.75u10-8 mol/cm2 and photocurrent density of 9.48 mA/cm-2.   
 
Figure 4-17 J-V curves of the solar cells with working electrodes made of TiO2 
nanofibres and TiO2 nanorods prepared at different hydrothermal concentrations. 
 
 Table 4-3 Photovoltaic properties of the DSSCs made of nanofibre and nanorod working 
electrodes. 
Sample Dye loading 
(10-8mol/cm2) 
Jsc  
(mA/cm-2) 
Voc  
(V) 
FF 
(%) 
η  
(%) 
NF 2.74 6.31 0.685 63 3.13 
NR1(0.85%TNB) 5.64 7.25 0.700 58 3.25 
NR2(1.7%TNB) 7.03 8.76 0.690 65 4.21 
NR3(3.4%TNB) 7.75 9.48 0.705 66 4.69 
NR4(5.1%TNB) 4.82 8.33 0.715 61 3.66 
 
Among all five devices studied, the lowest energy conversion efficiency was 
found on the NF device, which was 3.13%. The device NR3 had the highest 
efficiency of 4.69%, which was around 50% higher than that of the NF device. 
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Figure 4-18 IPCE curves of the DSSCs made of TiO2 nanofibre and TiO2 nanorod 
working electrodes. 
The incident photon-to-current conversion efficiency (IPCE) indicates the ability 
of a DSSC device to convert incident photons into electrons to the external circuit. 
As shown in Figure 4-18, all the devices showed a broad spectral response in the 
range of 450 to 750 nm and a maximum efficiency at the wavelength of around 
533 nm, representing the maximum absorption wavelength of N719 dye [215]. 
Among all the DSSC devices, the NF device had the lowest IPCE value, while the 
highest incident photon-to-current conversion efficiency was obtained from the 
device NR3. 
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4.2.6.2 Hydrothermal temperature 
 
Figure 4-19 J-V curves of the DSSC devices made of TiO2 nanorods prepared at different 
hydrothermal temperatures. 
The hydrothermal temperature (130qC, 150qC and 170qC) also influenced 
photocurrent density of the nanorods. Figure 4-19 shows the J-V curves of the 
DSSC devices made of nanorods prepared at different hydrothermal temperatures, 
and the photovoltaic parameters are listed in Table 4-4. Higher photocurrent 
density was found on the device using the TiO2 nanorods which were synthesized 
at a lower temperature. The dye loading on the nanorods showed a similar trend. 
For the working electrode made of the TiO2 nanorods which were prepared at 
170 °C, the dye loading density was 5.72u10-8 mol/cm2. The dye loading 
increased to 8.64u10-8 mol/cm2 when the nanorods were prepared at 130 °C. The 
devices made of nanorods which were synthesized at 130°C also had the highest 
photocurrent density of 9.79 mA/cm2 among all three solar cells. 
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Table 4-4 Effect of preparation temperatures of TiO2 nanorods on the final photovoltaic 
properties of the DSSCs. 
Sample Dye loading 
(×10-8mol/cm2) 
Jsc 
(mA/cm-2) 
Voc  
(V) 
FF  
(%) 
η  
(%) 
Cell:130°C 8.64 9.79 0.670 61 4.06 
Cell:150°C 7.75 9.48 0.705 66 4.69 
Cell:170°C 5.72 8.14 0.720 60 3.43 
 
4.2.6.3 Hydrothermal time 
 
Figure 4-20 J-V curves of the DSSC devices made of TiO2 nanorods prepared with 
different hydrothermal time.  
TiO2 nanorods prepared from the same TNB concentration (3.4% TNB) and 
temperature (150°C), but at different hydrothermal reaction time (i.e. 1, 2, 3, 4 
and 5 hours) were applied to prepare working electrodes. Figure 4-20 and Table 4-
5 show the J-V curves and the photovoltaic parameters of the DSSC devices.  
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It can be seen that the photocurrent density increased gradually from 8.07 mA/cm-
2 to a maximum value of 9.48 mA/cm-2 when the hydrothermal time was extended 
from 1 hour to 4 hours, and then decreased when longer time was employed. The 
dye loading also showed a similar trend on the photocurrent density. 
 
Table 4-5 Photovoltaic properties obtained from Figure 4-20 and dye loading on the TiO2 
nanorod working electrodes. 
Sample Dye loading 
(×10-8mol/cm2) 
Jsc 
(mA/cm-2) 
Voc  
(V) 
FF  
(%) 
η  
(%) 
Cell:1h 6.60 8.07 0.740 55 3.40 
Cell:2h 7.12 8.73 0.700 57 3.57 
Cell:3h 7.25 9.19 0.700 65 4.39 
Cell:4h 7.75 9.48 0.705 66 4.69 
Cell:5h 7.08 8.77 0.725 63 4.26 
 
4.2.7 Comparison with NP and NF Based DSSCs 
 
Figure 4-21 J-V curves of the DSSCs with working electrodes made of P25, 
nanofibres and nanorods.  
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For comparison, DSSC devices were also prepared by using commercial P25 
nanoparticels and TiO2 nanofibres to prepare the working electrodes. The J ~ V 
curves of the devices are shown in Figure 4-21.    
Among these three solar cells, the NF device had the lowest photocurrent density 
of 6.31 mA/cm2, and the current densities of the P25 and NR devices were very 
close (Figure 4-21). As expected, both P25 (5.00%) and NR (4.69%) devices had 
a higher energy conversion efficiency than the NF device (3.13%). The IPCE 
curves (in Figure 4-22) also indicated that the quantum efficiency of the NF 
device was the lowest, while the highest was the P25 device.   
 
Figure 4-22 IPCE curves of the DSSCs with working electrodes made of P25, nanofibres 
and nanorods. 
Figure 4-23 shows the UV-Vis absorption spectra of the working electrodes made 
of different TiO2 materials. It can be seen that the P25 working electrode had the 
highest absorption rate. The dye loading of the working electrodes calculated 
according to the absorption spectra was 7.75×10-8, 2.74×10-8 and 10.4×10-8 
mol/cm2 for the nanorods, nanofibres and nanoparticles, respectively. The results 
suggest the nanoparticle electrode had a higher surface area than the NF and NR 
ones. 
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Figure 4-23 UV-Vis absorption spectra of the working electrodes made of P25 
nanoparticles, nanofibres and nanorods. 
It should be noted that although the nanoparticle electrode absorbed much more 
dye molecules than the nanorod electrode, the two devices had a similar energy 
efficiency, which suggests that surface area is not the only factor deciding the cell 
performance. 
 
Figure 4-24 UV-Vis reflection spectra of the working electrodes made of P25, nanofibres 
and nanorods. 
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The light reflection spectra of the electrodes are shown in Figure 4-24. The 
nanoparticle electrode was efficient only in short wavelengths. The light reflection 
behavior of the NF and NR electrodes was very similar to each other, and they 
both had much higher reflectance than the P25 electrode. 
 
Figure 4-25  (a) Nyquist and (b) bode phase plots of the DSSCs with working electrodes 
made of P25, nanofibres and nanorods.  
EIS was used to investigate the internal electrical resistance and electron transport 
of the DSSC devices. The typical EIS Nyquist plot of DSSC normally has three 
semicircles, one semicircle at high frequencies is related to the charge-transfer 
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resistance at the counter electrode/electrolyte interfaces, another one at 
intermediate frequencies is attributed to the combined charge-transfer resistance at 
TiO2/dye/electrolyte interfaces, and the third semicircle at low frequencies is 
about the diffusion of Iˉ/I3ˉ in the electrolyte.  
Figure 4-25 shows the Nyquist plots of the devices. By fitting the Nyquist plots in 
the Z-view software, an equivalent electrical circuit containing constant phase 
elements (CPE) and resistances (R) could be constructed. Rs represents the ohmic 
serial resistance of the device. R ct1 and CPE1 are related to the charge transfer 
resistance and capacitance at the electrolyte/counter electrode interface, while Rct2 
and CPE2 denotes the charge transport resistance and capacitance at the interface 
of TiO2/dye/electrolyte.   
 
Table 4-6 EIS characteristics of the DSSCs.  
Sample Rs(Ω) Rct1(Ω) Rct2(Ω) τ(ms) 
Cell:P25 18.5 12.3 89.0 15.0 
Cell:NF 128.5 107.2 234.6 0.59 
Cell:NR 22.4 11.4 51.8 43.4 
 
The main EIS characteristics of the solar cell devices are listed in Table 4-6. It can 
been seen that the NF device had the highest device resistance and interfacial 
resistance among the devices. The electron lifetime τe can be calculated from the 
Bode phase plots (Figure 4-25b) using the equation τe =1/ (2πfc), where fc is the 
frequency at which the curve reaches the peak level. For the NR, NF and P25 
electrode, the electron lifetime was 43.4, 0.59 and 15 ms, respectively. The result 
shows that the photoelectrons in the NR device could diffuse longer time than 
those in the NF and P25 devices before they are recombined with the dye or 
electrolyte.  
Based on these results, the electron transport in the working electrodes made of 
these three different TiO2 materials is illustrated in Figure 4-26. Two main factors 
directly affect the photovoltaic properties of a working electrode: surface area of 
the TiO2 layer and TiO2 crystal characteristic. Higher surface area would allow 
more dye molecules to be absorbed on working electrode, hence generating more 
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photoelectrons under the same level of excitation. While crystal property is 
important to electron transport. Electron transport within single crystals is faster 
than in a particle aggregate because the grain boundaries in the former are much 
less. It has been reported that the electron diffusion coefficient in a large piece of 
TiO2 single crystal is more than 2 orders of magnitude higher than that in a TiO2 
nanoparticle film.  
 
Figure 4-26 Schematic illustration of electron transportation in the working electrode 
made of (a) nanoparticles, (b) nanorods and (c) nanofibres. 
In our case, the TiO2 nanoparticle layer had a very high surface area and dye 
loading. A large amount of photoelectrons were generated and injected into the 
nanoparticles. However, the large number of grain boundaries at the nanoparticle 
interfaces had caused a zigzag pathway of electron transport with ohmic loss. 
Charge recombination became a major obstacle in efficient energy conversion 
(Figure 4-26a). Though nanofibres could provide a relatively shorter electron 
transport pathway than the nanoparticles, they are lower in surface area which 
caused a limited dye molecule loading (Figure 4-26c). The nanorods has higher 
surface area than the nanofibres but lower than the nanoparticles. However, as 
nanorods were in single-crystalline form, they could provide better electron 
pathway for electron transport than nanoparticles (Figure 4-26b).  
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4.3 Discussion  
DSSC devices function to convert light to electric energy. The dye loaded on 
working electrode plays a crucial role in photon-to-electron conversion and 
generation of electron-hole pairs.  
dye* + TiO2   Æ    dye+ + e-(TiO2) 
With higher dye molecule loading on the electrode, more photons could be 
transferred to electrons, leading to higher photocurrent. For nanoparticle-based 
DSSCs, the dye loading is as high as 1.04×10-7 mol/cm2 for the electrode film with 
0.25 cm2 working area and 12 μm thickness. Not surprising, the photocurrent 
generated from nanoparticle electrode reached 9.98 mA/cm-2.  
The loading of dye molecules on TiO2 electrode is mainly controlled by the 
surface area of the electrode materials. As the dye is often absorbed in a 
monolayer on the electrode. The higher surface area gives larger dye loading. In 
our case, single crystal nanorods on nanofibres were used as the electrode 
materials. It was found that the surface area was affected by not only the size of 
nanorods but also the proportion of nanorods and nanofibres, which both were 
influenced by the TiO2 precursor concentration, hydrothermal temperature and 
reaction time.  
For example, when the hydrothermal reaction took for four hours, small nanorods 
loosely covered on the nanofibres resulted from 0.85% TNB solution. The surface 
area was around 30 m2/g. When the TNB concentration increased to 1.7%, the 
surface area increased to 37.63±0.33 m2/g.  
Once the photo-generated electrons are injected into the conduction band of TiO2, 
the electrons will be transported through the electrode layer to the external circuit. 
To achieve high light-to-electricity conversion efficiency, low resistance is 
required. Grain size of the electrode material is an important parameter that 
influences the interfacial electron transfer process. The electrode material with 
small grain size, like nanoparticles, would provide a large number of grain 
boundaries. The electrons are easily trapped and recombined with holes. One-
dimensional single crystals have lower boundary density and more directed paths 
when compared with nanoparticles. As revealed by the electrochemical 
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impedance spectra (EIS), the electron transfer in DSSC with single crystal TiO2 
nanorods had much smaller resistance and higher lifetime than that with 
nanoparticles, therefore single-crystal nanorods have longer electron lifetime, less 
probability for electrons-hole recombination than nanoparticles. However, grain 
size is a critical factor effecting the surface area of the electrode material, 
increasing grain size lowers dye loading, which results in lower photo generation 
efficiency.  
Dye loading and the interfacial electron transfer both vary with the size and 
morphology of TiO2 nanomaterials. The high surface area is in favour of dye 
loading, while it causes larger resistance for electron transfer. To achieve 
relatively high energy conversion efficiency, we need to find the balance of the 
two reverse properties.  
4.4 Conclusions 
Hierarchical nanorods-on-a-nanofibre TiO2 was prepared using an electrospinning 
technique followed by a hydrothermal treatment.  
With an increased TNB concentration, both nanorod dimension and rutile crystal 
phase content increased accordingly, however the highest nanorod specific surface 
area was achieved when the TNB concentration was 1.7%. By increasing 
hydrothermal temperature from 130 °C to 170 °C, the nanorods size increased 
significantly and there was little change of the anatase/rutile crystal ratio of the 
hierarchical nanofibres. Both nanorod diameter and length increased when the 
hydrothermal time increased from 1 hour to 10 hours, however a further increase 
in time reduced the nanorod size. By applying these nanorods as the working 
electrode photoactive layer, the highest device efficiency of 4.69% was achieved 
by the nanorods prepared in a 3.4% TNB solution for 4 hours, at a hydrothermal 
temperature of 150 °C. 
Among three DSSC devices made of nanoparticle, nanofibre and nanorod 
working electrodes, the device with nanoparticles had the highest dye loading and 
energy conversion efficiency. The nanofibre device had the lowest photovoltaic 
performance. The working electrode made of the TiO2 nanorods had lower surface 
area and quantum efficiency than the nanoparticle electrode, but the single-
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crystalline feature provided an effective pathway for electron transport within the 
electrode. As a result, the overall photovoltaic performance of the device made of 
nanorods was very close to that of the P25 nanoparticles.  
Nanorod electrode exhibited superior light reflection property to the P25 electrode. 
DSSC devices made of single crystal TiO2 nanorods may be useful for making 
DSSCs with improved light harvesting efficiency.         
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5 Improvement of Light Harvesting and 
Device Performance Using TiO2 Nanorods  
 
In this study, the TiO2 nanorod was used as a light scattering layer to form a 
bilayer working electrode with P25 nanoparticles. The effect of nanorod layer 
thickness on the optical properties, dye loading and photovoltaic performance was 
thoroughly investigated. Enhanced light harvesting and DSSC device performance 
were resulted. 
5.1 Experimental 
TiO2 nanorods prepared in a 3.4% TNB solution for 4 hours, at a hydrothermal 
temperature of 150 °C, which achieved highest device efficiency of 4.69% 
(Chapter 4) were applied on TiO2 nanoparticle working electrode here to form a 
bilayer electrode. TiO2 electrodes with different thicknesses of nanoparticle and 
nanorod layers were prepared, and their DSSC performance and optical 
performance were studied. The overall thickness of the nanorod/nanoparticle 
bilayer was maintained at 15 μm.  
5.2 Results and Discussion 
5.2.1 Electrode Morphology 
Figure 5-1 shows the cross-sectional SEM image of the TiO2 electrode having a 
layer of P25 nanoparticles and a layer of nanorods. The thickness of the NP and 
NR layers was 12 μm and 3 μm, respectively. The high magnification SEM 
images indicate that both layers had a porous structure (Figure 5-1 b & c).  
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Figure 5-1 (a) Cross-sectional SEM image of a TiO2 electrode with a NP bottom layer and 
a NR top layer, high magnification SEM images of the (b) NR and (c) NP layer. 
5.2.2 Optical Properties of TiO2 Electrodes 
The UV-Vis transmittance spectra of the working electrodes are shown in Figure 
5-2. For the electrode made of P25 nanoparticles only, most of light with a 
wavelength shorter than 550 nm was blocked, while the transmittance 
significantly increased at longer wavelengths. The maximum transmittance was 
around 82% at 760 nm wavelength.  
 
Figure 5-2 UV-Vis transmittance spectra of the TiO2 electrodes made of NP (15 μm), NR 
(15 μm) and NP (12 μm)/NR (3 μm).  
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In comparison, the working electrode made of net nanorods showed much smaller 
transmittance, suggesting the high efficiency in blocking light. By adding a thin 
layer of nanorods (3 μm) on a nanoparticle layer (12 μm), the light transmittance 
of the nanoparticle layer was significantly reduced, especially in the short 
wavelength region. The maximum transmittance in the studied wavelength range 
was only 6.7% at 800 nm. This result suggests that a thin layer of nanorods is 
effective enough to reduce the light transmission of working electrode.  
 
Figure 5-3  UV-Vis reflection spectra of the TiO2 and working electrodes made of NP (15 
μm), NR (15 μm) and NP (12 μm)/NR (3 μm). 
 
 
Scheme 5-1 Enhanced light reflection in working electrode by a NR layer. 
Figure 5-3 shows the diffuse reflectance spectra of TiO2 electrodes before and 
after loading with N719 dye. Without the dye sensitization, all three TiO2 
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electrodes had a maximum reflectance at around 450 nm. The electrodes made of 
nanoparticles and nanorods showed a similar light reflection property to that made 
of nanorod only. Both NR and NP/NR electrodes had much higher reflectance 
than the NP one. This result suggests that a thin layer of nanorods leads to a 
considerable increase in light reflection, as illustrated in Scheme 5-1.  
After loading with N719 dye, the TiO2 electrodes showed a significant decrease in 
light reflection because of the strong light adsorption of the dye within the TiO2 
layer. This can also be confirmed by the direct measurement of UV-Vis 
absorption of the TiO2 electrodes (Figure 5-4).  
 
 
Figure 5-4 UV-Vis absorption spectra of the TiO2 electrodes made of NP (15 μm), NR 
(15 μm) and NP (12 μm)/NR (3 μm). 
The NP electrode showed extremely low absorption in longer wavelength region 
while higher absorption was found in shorter wavelength region. The absorption 
peak at 533 nm is attributed to the N719 dye (the maximum absorption 
wavelength for N719 dye is around 533 nm). Both NR and NR/NP electrodes 
showed higher optical absorption in the whole wavelength region (400-800 nm) 
than the NP electrode. To estimate the dye loading capacity of three TiO2 
electrodes, the absorbed dye molecules were extracted from the electrodes and the 
400 500 600 700 800
0
1
2
3
4
A
bs
or
ba
nc
e 
Wavelength (nm)
 NP
 NR
 NP+NR
Chapter 5 
86 
 
dye molecule loading was calculated based on the UV-Vis absorption spectra, as 
listed in Table 5-1. 
It can be seen that the NP working electrode had the highest loading of 1.09×10-7 
mol/cm2, meanwhile the lowest loading of 0.45×10-7 mol/cm2 was from the NR 
working electrode. For the working electrode made of both NR and NP, its dye 
loading (1.02×10-7 mol/cm2) was very close to that of the NP electrode. It 
demonstrates that a thin layer of NR has very a neglect effect on dye loading. 
5.2.3 Photovoltaic Performance 
 
Figure 5-5 J-V curves of the DSSCs with the working electrode made of NP1 (12 μm), NP 
(15 μm), NR (15 μm) and NP (12 μm)/NR (3 μm) working electrodes. 
DSSC devices were fabricated with the TiO2 working electrodes prepared from 
P25 nanoparticles, TiO2 nanorods and TiO2 NP/NR bilayer. The current density-
voltage (J-V) curves of the devices are shown in Figure 5-5 and the photovoltaic 
parameters are listed in Table 5-1. Among all DSSC devices, the one made of just 
nanorods had a slightly higher open-circuit voltage than the others, while the 
device with a NP/NR layer had the highest short-circuit current density. The 
nanorod device had the lowest energy conversion efficiency (4.30%), which was 
slightly lower than that (4.68%) of the device having the same thickness 
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nanoparticle electrode. Two nanoparticle working electrodes having different 
TiO2 layer thicknesses were employed for comparison. The one (NP1-DSSC) with 
TiO2 thickness of 12 μm had a higher energy conversion efficiency. A thicker 
working electrode would provide larger surface for dye loading, thus increasing 
the photocurrent. On the contrary, the photoelectrons travel a longer distance 
within a thicker working electrode that causes reduced conversion efficiency.  
By adding a 3 μm thick nanorod layer to the top of nanoparticle electrode, the 
energy conversion efficiency of the device was increased to 6.60%, which was 30% 
higher than that of the device without the NR layer. In comparison with the device 
with a nanoparticle working electrode of the same thickness (15 μm), the device 
with the NP/NR electrode was 40% higher in energy conversion efficiency. It 
should be noted that although the nanoparticle electrode absorbed more than twice 
amount of the dye molecules than the nanorod electrode, the difference between 
their energy conversion efficiencies was negligible. 
 
Table 5-1 Photovoltaic properties of the DSSCs.  
Sample Thickness 
(μm) 
Dye loading 
(u10-7 
mol/cm2) 
Jsc  
(mA/cm2) 
Voc  
(V) 
FF 
(%) 
η  
(%) 
NP1-DSSC 12 1.04 9.98 0.720 71 5.11 
NP-DSSC 15 1.09 10.22 0.625 68 4.68 
NR-DSSC 15 0.45 8.46 0.735 69 4.30 
NP+NR-DSSC 12+3 1.02 16.02 0.635 69 6.60 
 
 
Meanwhile the NP/NR electrode device had a similar dye loading to the 
nanoparticle electrode, but with a higher conversion efficiency. These indicate the 
efficiency of light utilization has been considerably improved by the nanorod layer.  
In addition, all devices had a maximum IPCE value at the wavelength of 533 nm 
(Figure 5-6). The device with a bilayer electrode had slightly higher quantum 
efficiency than others. The NR-based device had the lowest IPCE value.  
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Figure 5-6 IPCE curves of the DSSCs made of NP (15 μm), NR (15 μm) and NP (12 
μm)/ NR (3 μm) working electrodes. 
5.2.4 Effect of NR Layer Thickness 
To understand the effect of NR layer thickness on the solar cell performance, 
NP/NR bilayer DSSC devices with different thickness combinations were 
prepared. Figure 5-7 shows the cross-sectional SEM images of the working 
electrodes. For comparison, the electrodes with net nanoparticles and nanorods 
were also prepared.  
It has been found that the nanorod layer thickness has a major effect on light 
transmission of the TiO2 electrodes. When the thickness increased from 0.5 μm to 5 
μm, the corresponding UV-Vis transmittance decreased (Figure 5-8). When the 
nanorod layer was thicker than 3 μm, there was almost no light transmission in the 
wavelength region studied. The insert chart in Figure 5-8 shows the transmittance 
change at the wavelength of 500, 600 and 700 nm with different nanorod layer 
thicknesses. When the thickness increased from 0.5 μm to 5 μm, the respective 
transmittance decreased from 12%, 24% and 36% to almost zero. Therefore, the 
nanorod layer should at least have a thickness of 3 μm to effectively block light 
transmission.  
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Figure 5-7 SEM images of the working electrodes with different nanoparticle and 
nanorod thickness combinations (NP+NR) : (a) 15+0 μm, (b) 12+3 μm, (c) 9+6 μm, (d) 
6+9 μm, (e) 3+12 μm and (f) 0+15 μm.  
 
Figure 5-8 UV-Vis transmittance spectra of net nanorod coated TiO2 electrodes with 
different coating thicknesses. 
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Figure 5-9 UV-Vis diffuse reflectance spectra of the working electrodes with different 
nanoparticle and nanorod layer combinations. 
Figure 5-9 shows the UV-Vis diffuse reflectance spectra of the working electrodes 
with different NP and NR layer combinations. All the electrodes had low 
reflectance at the wavelength shorter than 350 nm. Without dye sensitization, all 
electrodes had a maximum reflectance at around 450 nm. The reflectance 
increased in the entire wavelength range of 450-800 nm when increasing the 
nanorod layer thickness, which confirms the better light scattering performance of 
the nanorod electrode than that of the nanoparticle electrode. After loading the 
dye on the electrode, the reflectance had an obvious decrease. In the wavelength 
range of 450-550 nm, the electrodes with different nanorod layer thicknesses had 
very similar light reflection behavior. While higher reflectance was observed on 
the electrode with thicker nanorod layer, once the wavelength was longer than 550 
nm. 
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Figure 5-10 (a) UV-Vis absorption spectra and (b) dye loading on the working electrodes 
with different nanoparticle and nanorod layer combinations. 
Figure 5-10a shows the UV-Vis absorption spectra of different working electrodes. 
The optical absorption decreased with the increasing nanorod layer thickness. 
Based on these absorption spectra, dye loading was calculated and presented in 
Figure 5-10b. The dye loading showed a decreased trend when the scattering layer 
thickness increased. Because of the larger size of the TiO2 nanorods than P25, 
nanorod layer would have a smaller surface area. Therefore, the surface area of 
the bilayer electrode decreased with the increasing thickness of nanorod layer. 
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Figure 5-11 J-V curves of the DSSC devices having working electrodes with different 
nanoparticle and nanorod layer combinations. 
 
Table 5-2  Photovoltaic properties of the DSSC devices having working electrodes with 
different nanoparticle and nanorod layer combinations. 
Sample Thickness 
(μm) 
Absorbed dye 
(u10-7mol/cm2) 
Jsc 
(mA/cm-2) 
Voc 
(V) 
FF 
(%) 
η 
(%) 
NP+NR-
DSSC 
12+3 1.02 16.02 0.635 69 6.60 
NP+NR-
DSSC 
9+6 0.92 14.83 0.640 69 6.49 
NP+NR-
DSSC 
6+9 0.78 14.08 0.645 68 6.50 
NP+NR-
DSSC 
3+12 0.72 11.94 0.690 69 5.74 
 
The J-V curves of the cell devices are shown in Figure 5-11 and the corresponding 
photovoltaic parameters are summarized in Table 5-2. All the bilayer electrode 
devices had higher energy conversion efficiency than the single layer device. This 
suggests that TiO2 nanorods as the light scattering layer can effectively enhance 
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the DSSC performance. Among the devices, the one made of NP+NR (12+3 μm) 
had the highest efficiency of 6.60%. Increasing the nanorod thickness from 3 μm 
to 12 μm led to a decrease in the photocurrent density from 16.02 to 11.94 mA 
/cm-2, and a decrease of the energy conversion efficiency to 5.74% (Figure 5-12).  
 
Figure 5-12 Effect of nanorod layer thickness on the current density and energy 
conversion efficiency of the DSSC devices.  
Figure 5-13 shows the IPCE curves of the DSSC devices. The incident photon-to-
current conversion efficiency had a similar changing trend to the photocurrent 
density and energy conversion efficiency. The quantum efficiency of the devices 
decreased slightly with the increasing nanorod layer thickness. 
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Figure 5-13 IPCE curves of the DSSC devices having working electrodes with different 
nanoparticle and nanorod layer combinations. 
5.2.5 EIS Results 
Figure 5-14a shows the Nyquist plots of the DSSC devices with the NP, NR and 
NP+NR (12+3 μm) working electrodes. Probably because of the overlapping of 
the diffusion resistance of the redox couple and the resistance at 
TiO2/dye/electrolyte interfaces, there were only two semicircles observed in the 
Nyquist curves. The small semicircle at the high frequency was related to the 
resistance at the interface of Pt/electrolyte and the larger one at the low frequency 
was attributed to the charge-transfer resistance at the interfaces of 
TiO2/dye/electrolyte. The size of the low frequency semicircle represents the 
device internal resistance. It can be seen that the nanorod device had the smallest 
resistance.  
By fitting the Nyquist plots in Z-view software, the Rs and Rct values were 
obtained as listed in Table 6-3. Among all devices, the nanoparticle device had the 
highest Rct value of 127.5 Ω. By adding a 3 μm nanorod layers on the electrode 
top, its resistance was reduced to 84 Ω, which was close to that (73.8 Ω) of the 
device made of pure nanorods. A low electrical resistance would facilitate 
electron transport within the device. The change of nanorod layer thickness had 
little effect on the Rct value. All devices showed almost the same Rs value. 
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Figure 5-14 (a) Nyquist and (b) Bode phase plots of the DSSC devices with different 
working electrodes. 
The Bode phase plots of the EIS spectra are shown in Figure 5-14b. Electron 
lifetime (τe) in the DSSCs is inversely proportional to the frequency (ωmax) at 
which the curve reaches the peak level. For the NP, NR and NP+NR devices, ωmax 
was 10.59, 3.06 and 6.64 Hz, respectively. By using the equation τe=1/(2π ωmax), 
the electron lifetime within the three devices was calculated as 15.0, 52.0 and 23.9 
ms, respectively. This suggests that the transfer of photogenerated electrons 
within nanorod device was much more efficient than in the nanoparticle one. This 
is presumably because of the single-crystalline feature of the nanorods which 
offers lower resistance and slower charge recombination. By increasing the 
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scattering layer thickness from 3 μm to 12 μm, the electron lifetime of the 
electrode increased from 23.9 ms to 39.4 ms. 
 
Table 5-3 EIS characteristics of the DSSCs. 
Sample Rs(Ω) Rct(Ω) τ(ms) 
NP+NR (15+0) 22.7 127.5 15.0 
NP+NR (12+3) 28.4 84.2 23.9 
NP+NR (9+6) 24.7 80.6 26.8 
NP+NR (6+9) 25.6 83.7 32.0 
NP+NR (3+12) 28.4 83.4 39.4 
NP+NR (0+15) 26.6 73.8 52.0 
 
5.3 Conclusions 
In this chapter, one-dimensional TiO2 nanorods were applied onto TiO2 
nanoparticle working electrodes to improve light harvesting and energy 
conversion efficiency.  
The experimental results showed that a layer of nanorod thicker than 3 μm could 
effectively block incident light in a wide wavelength range. And the thickness of 
the nanorod layer within the working electrode played an important role in 
determining the photovoltaic property of the devices. 
Although the nanoparticle/nanorod bilayer electrode had lower surface area than 
the net nanoparticle electrode of the same thickness, the reduced dye loading 
caused by the surface area reduction didn’t affect the photocurrent density and 
energy conversion efficiency. The EIS results showed that the presence of the 
nanorod layer considerably reduced the electrical resistance of the device, and 
extended the lifetime of the photoelectrons during energy generation. The highest 
energy conversion efficiency of 6.6% was achieved when the working electrode 
was made of a 12 μm thick TiO2 nanoparticle layer covered with a 3 μm thick 
nanorod layer. 
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6 Surface Modification of TiO2 Nanorods and 
its Effect on DSSC Performance 
 
In this chapter, a simple wet chemical treatment was used to modify the surface of 
the hydrothermally synthesised TiO2 nanorods. The effect of surface modification 
on nanorod morphology, crystal structure, specific surface area, optical and DSSC 
properties, as active layer and light scattering layer, were examined.  
6.1 Experimental 
Hydrothermally prepared TiO2 nanorods were treated with TiCl4 aqueous 
solutions (TiCl4 concentrations 0.1, 0.2, 0.3 and 0.4 M), and then the solid 
products were washed with wanter/ethanol and finally dried for device fabrication. 
6.2 Results and Discussion 
6.2.1 Surface Modification of TiO2 Nanorods 
6.2.1.1 Effect of Treatment Temperature  
When TiCl4 was mixed with water to form an aqueous solution, the following 
hydrolysis reactions (6-1) took place [216].  
 
TiCl4 + 2H2O         TiO2 + 4HCl                                       (6-1)     
                 
The hydrolysis process was highly dependent on the reaction temperature. At 
room temperature (25°C), the solution was clear and only a very limited amount 
of white precipitates was formed. Much more white precipitates were formed at 
elevated reaction temperatures (50°C and 70°C). 
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Figure 6-1 Digital photos of the aqueous TiCl4 solutions at different hydrolysis 
temperatures.  
 
 
Figure 6-2 SEM image of the white precipitate prepare by reaction 1.  
SEM imaging indicated that the white precipitates were TiO2 particles with an 
average diameter of 200 nm (Figure 6-2). These TiO2 particles had a uniform size 
with a rutile crystal phase (see XRD result in Figure 6-3).  
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Figure 6-3 XRD pattern of the white precipitates. 
When the reaction took place in the presence of TiO2 nanorods (concentration 0.3 
M), it changed the morphology of nanorods (Figure 6-4). The SEM images 
revealed that all TiO2 nanorods were covered with a layer of nanoparticles. This 
made the nanorods surface very rough.  
 
Figure 6-4 SEM images of the nanorods before (a) and after treatment with an aqueous 
TiCl4 solution at (b) 70°C (c) 50°C and (d) 25°C.  
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The treating temperature had an obvious influence on the surface morphology. 
When the temperature was at 50°C or 70 °C, TiO2 nanorods were fully covered by 
the nanostructures, and the treatment also caused an increase in the overall size of 
the nanorods. When the treatment was at room temperature, the TiO2 nanorods 
were partly covered with spine-like solids. These nanospines were separated from 
each other and uniformly distributed on the nanorods surface. The treatment did 
not affect the original shape and dimension of the nanorods. Since this surface 
treatment was aimed to increase the overall surface area of the nanorods without 
sacrificing its excellent crystal structure, room temperature was selected for 
further surface treatment of nanorods. 
6.2.1.2 Effect of TiCl4 concentration 
 
Figure 6-5 (a) Digital image of the aqueous TiCl4/nanorod solutions with different TiCl4 
concentrations. SEM images of TiO2 nanorods (a) before and after the surface treatment 
in an aqueous TiCl4 solution with a concentration of (c) 0.1 M, (d) 0.2 M, (e) 0.3 M and (f) 
0.4 M.   
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TiCl4 in the treatment solutions provided Ti4+ for the nanostructure growth, 
therefore its concentration was critical to decide the final morphology of the 
nanostructure. Four different TiCl4 concentrations were investigated here to 
understand the effect of TiCl4 concentration on the nanospine formation. 
Figure 6-5a shows the appearance of the treatment solutions after reaction at room 
temperature for 20 hours. All four solutions were translucent with only a small 
amount of precipitates formed at the bottom. The solution became slightly less 
transparent when TiCl4 concentration increased.  
After treatment (Figure 6-5b), surface modified nanorods were observed under 
SEM (Figure 6-5c~f). It was clearly seen that the surface treatment at different 
TiCl4 concentration led to different secondary nanostructures on the nanorod 
surface. When the TiCl4 concentration was low (0.1 M), only nanoparticle like 
structures (Figure 6-5c) were formed on the TiO2 nanorods. By increasing the 
TiCl4 concentration, the surface structure turned into nanospines. The nanorods 
were partly covered by these nanospines when the TiCl4 concentration was 0.2 M, 
and a full coverage was obtained when the concentration was increased to 0.3 M. 
Taking the nanorods shown in Figure 6-5e as an example, the surface nanospines 
were about 5-10 nm in width and 15 nm in length.  
Figures 6-6a~e are TEM images of the TiO2 nanorods before and after the surface 
treatment. It can be found that the crystal structure of the nanorods after the 
treatment was almost unchanged for all samples and spine-like nanostructure was 
formed only on nanorod surface. The formation of different nanostructures due to 
the change of TiCl4 concentration can be more clearly seen from the images in 
Figure 6-6b&c. By increasing the solution concentration, the thickness of the 
nanostructured surface layer increased. However, when the TiCl4 concentration 
was increased to 0.4 M, the nanospines tended to grow into bundles. 
Unlike the typical SAED pattern (Figure 6-6f 1) obtained from the untreated TiO2 
nanorods in which (110), (001) and (111) faces of single-crystalline rutile phase 
are clearly shown, the SAED result of surface treated nanorods showed 
polycrystalline feature (Figure 6-6f 2). 
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Figure 6-6 TEM images of the TiO2 nanorods before (a) and after the surface treatment in 
an aqueous TiCl4 solution with the concentration of (b) 0.1 M, (c) 0.2 M, (d) 0.3 M and (e) 
0.4 M. SAED patterns of a single nanorod before (f1) and after (f2) treatment in a 0.3 M 
TiCl4 solution.  
 
Figure 6-7 XRD patterns of the TiO2 nanorods before (a) and after (b) the treatment in a 
0.3 M TiCl4 solution.   
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The XRD patterns of the TiO2 nanorods before and after the surface treatment are 
shown in Figure 6-7. Nanorods had highly crystallized structure. After the 
treatment in TiCl4 solution, the sample showed an obvious decrease in anatase 
(101) facet peak but increase in rutile (110) facet peak. The anatase-to-rutile ratio 
changed from 30:70 to 10:90 after the treatment, which suggested these surface 
nanostructures were in rutile crystal phase. 
6.2.2 Photovoltaic Properties of Surface Modified Nanorods 
 
Figure 6-8 J-V curves of DSSC devices  
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Working electrodes made of nanoparticles, nanorods and surface modified 
nanorods were assembled into DSSC devices. The J-V curves of the devices are 
shown in Figure 6-8, and  Figure 6-8b shows the selected area in Figure 6-8a. The 
DSSC parameters are listed in Table 6-1. It can be seen that these four DSSC 
devices had similar photovoltage and fill factors. For the surface treated nanorods, 
the photocurrent density of the device increased from 9.01 mA/cm-2 to 9.76 
mA/cm-2 when the TiCl4 concentration in the treatment solution was increased 
from 0.1 M to 0.3 M. However, the current density decreased to 9.49 mA/cm-2 
when the TiCl4 concentration was further increased to 0.4 M. The energy 
conversion efficiency of the DSSC devices showed a similar trend. All devices 
had an energy efficiency higher than that of the device made of P25 nanoparticle 
working electrode (4.68%).  
 
Table 6-1 Photovoltaic properties of different DSSCs. 
Sample Dye loading 
(×10-7mol/cm2) 
Jsc 
(mA/cm-2) 
Voc 
(V) 
FF 
(%) 
η 
(%) 
S-NR 0.1 M 0.53 9.01 0.735 67 4.56 
S-NR 0.2 M 0.74 9.41 0.730 69 4.90 
S-NR 0.3 M 0.90 9.76 0.740 69 5.18 
S-NR 0.4 M 0.70 9.49 0.740 69 4.94 
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Figure 6-9 UV-VIS absorption spectra of different DSSCs 
The UV-VIS absorption spectra results of different DSSC devices are shown in 
Figure 6-9. For the 0.3 M TiCl4 treated nanorods, the light absorption was the 
highest among all the four TiCl4 treated nanorods. All TiCl4 treated nanorods had 
higher UV-VIS light absorption than that original nanorods. However none of 
them could outperform the dye absorption of net TiO2 nanoparticles. 
The dye molecule loading of different working electrodes was calculated and 
plotted in Figure 6-10. All surface structured nanorods were able to absorb more 
dye molecules than the untreated nanorods, and the dye loading increased from 
0.53×10-7 mol/cm2 to 0.9×10-7 mol/cm2 when the TiCl4 concentration was 
increased from 0.1 M to 0.3 M. The further increase of TiCl4 concentration to 0.4 
M caused a decrease in the dye load to 0.7×10-7 mol/cm2. This change was 
consistent with the specific surface area result of the electrodes, which was also 
shown in Figure 6-10.  
 
Figure 6-10 Relationship between specific surface area and dye loading of the working 
electrodes with the TiCl4 concentration.  
The specific surface area of the untreated nanorods was 32.19 m2/g, and it 
increased to 38.97 m2/g by increasing the TiCl4 concentration to 0.3 M, then there 
was a minor decrease to 37 m2/g when the TiCl4 concentration reached 0.4 M. 
These results suggest that the surface treatment on the nanorods greatly improved 
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the surface roughness of the nanorods and therefore increased the surface area to 
absorb more dye molecules, which is illustrated in Scheme 6-1. 
 
Scheme 6-1 Schematic illustration of the formation of surface structured nanorods. (Red 
dot represents dye molecules). 
6.2.3 S-NR as Scattering Layer  
 
Figure 6-11 SEM images of the cross-sectional view of a TiO2 electrode with a NP 
bottom layer and an S-NR top layer, (b) & (c) high magnification SEMs of the (b) S-NR 
and (c) NP layer. 
Surface modified TiO2 nanorods prepared from a 0.3 M TiCl4 solution were used 
as the light scattering layer in DSSC devices to evaluate the effect of this surface 
treatment on the photovoltaic performance of bilayer working electrode. As 
shown in Figure 6-11a is the cross-sectional view of a bilayer TiO2 electrode 
comprising a bottom layer of P25 nanoparticles and a top layer of surface 
structured nanorods. The overall thickness of the working electrode was 15 μm, 
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and the P25 and S-NR layers was 12 μm and 3 μm in thickness, respectively. The 
high magnification SEM images in Figure 6-11b & c indicate both layers had a 
porous structure, and the surface nanostructure of the treated nanorods was 
maintained during electrode preparation and device fabrication.  
 
Figure 6-12 J-V and IPCE curves of the DSSCs. 
Figure 6-12 shows the J-V curves and IPCE results of the devices containing 
nanoparticles, nanorods, surface modified nanorods single layer and 
nanoparticles/surface structured modified bilayer (NP+S-NR) as the working 
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electrode. The overall photovoltaic parameters of the devices are listed in Table 6-
2.   
Among all monolayer DSSC devices, the NP solar cell had the lowest Voc of 
0.625V and all the devices containing a single layer of nanorods had the similar 
voltage value, which was also higher than that of the NP+S-NR solar cell. The net 
NR device had the lowest Jsc of 8.46 mA/cm-2 which was slightly increased by 
applying the chemical treatment on the nanorods, but was still lower than that of 
the NP solar cell. By applying a thin layer of the surface modified nanorods onto 
the nanoparticle layer, the current density was significantly increased to 16.54 
mA/cm-2. 
The NR solar cell had the lowest energy conversion efficiency of 4.3%, and the 
TiCl4 treatment on the nanorods increased the efficiency to a maximum value of 
5.18% when the TiCl4 concentration was 0.3 M. Similar to the current density 
result, the NP+S-NR device achieved the highest energy conversion efficiency of 
7.12%, which was 52% higher than that of the NP solar cell. Compared with the 
minor difference between the dye loadings of the NP (1.09u10-7 mol/cm2) and 
NP+S-NR (1.19u10-7 mol/cm2) devices, the significant increase in the final device 
efficiency has proven the outstanding light harvesting behavior of the bilayer 
electrode with a light scattering layer made of surface modified nanorods. 
 
Table 6-2 Photovoltaic parameters of DSSCs. 
Sample Dye loading 
(×10-7mol/cm2) 
Jsc 
(mA/cm-2) 
Voc 
(V) 
FF 
(%) 
η 
(%) 
NP 1.09 10.22 0.625 68 4.68 
NR 0.45 8.46 0.735 69 4.30 
S-NR(0.3 M) 0.90 9.76 0.740 69 5.18 
NP+S-NR 1.19 16.54 0.690 67 7.12 
 
The ability of converting incident photons to electrons in the external circuit was 
examined using IPCE curves and shown in Figure 6-12. It is seen that the NR 
solar cell had a much lower conversion ability than the NP solar cell. However it 
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was enhanced by the surface treatment on the nanorods (0.3 M TiCl4), and the 
quantum efficiency was further increased by introducing a thin layer of surface 
structure nanorods onto the nanoparticle layer.  
 
Figure 6-13 UV-Vis diffuse absorbance spectra of different electrodes before (open 
symbol) and after (solid symbol) the dye loading.  
UV-Vis diffuse absorbance spectra of four different working electrodes before 
(open symbol) and after (solid symbol) the dye loading are shown in Figure 6-13. 
By comparing the increased absorbance after loading the dye, it can be seen that 
the increase was very limited for the NR electrode which should be associated 
with its poor dye loading ability. Because of the increased surface area after the 
surface treatment, the S-NR electrode had a more obvious absorbance increase 
than the NR electrode. The close absorbance differences of the NP and NP+S-NR 
electrodes showed that they both had a high level of dye loading.  
Figure 6-14 shows the UV-Vis transmission spectra of the working electrodes. 
Net nanorod layer blocked almost all the incident light within the tested 
wavelength range. A very small increase in the optical transmission was resulted 
after the nanorods was surface modified with TiCl4. The maximum transmittance 
was less than 7% at the wavelength of 800 nm. The NP electrode had much higher 
transmittance than all the other electrodes in the wavelength region of 550-800 nm, 
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while a 3 μm surface modified nanorods on the nanoparticle layer significantly 
reduced the light transmittance.  
 
 
Figure 6-14 UV-Vis transmission spectra of different electrodes.  
The diffuse reflectance spectra of the electrodes are shown in Figure 6-15. All 
electrodes had a maximum reflectance at around 410 nm. Different from the NR 
containing electrodes, the NP electrode had the lowest light reflectance. NR 
electrodes could reflect much more incident light, even if a thin layer (20% of the 
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electrode thickness) of surface modified nanorods was used in the bilayer NP+S-
NR electrodes. 
 
Figure 6-15 UV-Vis diffuse reflection spectra of different electrodes. 
Figure 6-16 shows the EIS Nyquist plots of different DSSC devices. Similar to the 
other devices, the bilayer electrode also had two semicircles, a small one at higher 
frequency and a large one at lower frequency. The NP electrode had the largest 
internal resistance, which was the smallest for the electrode made of surface 
modified nanorods. The TiO2 nanorods had a single crystalline structure and it can 
be expected at the amount of the grain boundaries in the NR electrode was much 
smaller than that of the NP electrodes.  It is interesting to know the electrode 
made of surface modified NR had a higher conductivity than that from un-
modified NRs. This was probably because of the surface crystalline branches 
improved the electrical contact between the nanorods.  
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Figure 6-16 Nyquist plots of different DSSCs. 
The EIS curve fitting results are listed in Table 5-3. As shown in the insert image 
in Figure 6-16, an equivalent electrical circuit contains constant phase elements 
(CPE) and resistances (R). Rs represents the ohmic serial resistance of the device, 
R ct1 and CPE1 are related to the charge transfer resistance and capacitance at the 
electrolyte/counter electrode interface. The Rct2 and CPE2 are attributed to the 
charge transport resistance and capacitance at the interface of TiO2/dye/electrolyte. 
The similar Rct1values for those devices indicate the similar resistance at the 
electrolyte/counter electrode interface. The Rct2 at TiO2/dye/electrolyte interface 
of the NP device (127.5 Ω) was almost four times as high as that of the S-NR 
device (34.4 Ω). The bilayer electrode with surface modified nanorods on top of 
the nanoparticles showed a reduced resistance, around 75.2 Ω. 
 
Table 6-3 EIS characteristics of the DSSCs. 
Sample Rs(Ω) Rct1(Ω) Rct2 (Ω) τ(ms) 
NP-DSSC 13.5 9.0 127.5 15.0 
NR-DSSC 22.6 10.2 73.8 46.2 
S-NR-DSSC 17.5 13.3 34.4 69.4 
Bilayer-DSSC 12.7 10.6 75.2 23.9 
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Figure 6-17 Bode phase plots of different DSSC devices. 
Figure 6-17 shows the Bode phase plots of the EIS spectra. The frequency (ωmax) 
at which the curve reaches the maximum (-Theta) response is inversely 
proportional to the electron lifetime (τe) in the devices. The peak of the spectra 
appears in a frequency between 1 and 10 Hz. According to the equation τe=1/(2π 
ωmax), the electron lifetime of the NP, NR, S-NR and NP+S-NR solar cells was 
calculated to be 15.0, 46.2, 69.4 and 23.9 ms, respectively. These electron lifetime 
values could be used to understand the transfer efficiency of photogenerated 
electrons within the working electrode. Even though the electron lifetime of the 
bilayer device was only slightly higher than that of the NP device, it had the 
highest energy conversion efficiency (7.12%) among all cells, which suggests 
again that light scattering effect of the nanorods was beneficial to the 
improvement of overall photovoltaic performance of the device. 
6.3 Conclusions 
Through a simple wet chemical treatment, spine-like nanostructures were 
introduced onto the TiO2 nanorods. The morphology of these rutile TiO2 
nanostructures was affected by the TiCl4 concentration in the treatment solution. 
0
5
10
15
20
543210
-T
he
ta
 (d
eg
re
e)
Frequency (Hz)
 NP-DSSC
 NR-DSSC
 S-NR-DSSC
 Bilayer-DSSC
-1
Chapter 6 
114 
 
Nanoparticles were formed when the TiCl4 concentration was low (0.1 M). By 
increasing the concentration, one-dimensional nanospines were formed, and they 
tended to form bundles if the TiCl4 concentration reached 0.4 M. The surface 
modification didn’t affect the crystal structure of the nanorods, while the surface 
area of the nanorods was significantly increased after the surface treatment. When 
the TiCl4 concentration was increased to 0.3 M, largest surface area was obtained. 
By using the surface modified nanorods as the active layer to make working 
electrodes, the maximum energy efficiency of 5.18% was achieved. This was 
because the dye loading on this nanospine modified nanorod was greatly 
increased as a result of the increased surface area. For electron transport in 
semiconducting nanomaterial and electrode/dye/electrolyte interface, it is mainly 
controlled by the solid structure, rather than the surface area of electrode. The 
crystallinity of the TiO2 nanorods remained unchanged after the surface 
modification. However, nanospines outside the nanorod improves interconnection 
between the nanorods. As discussed in the previous chapter, large surface area 
increased interfacial contact between electrolyte redox and photoexcited dye 
molecules. 
As the scattering layer of a bilayer electrode, the surface modified nanorods had 
considerably enhanced the cell performance. A 3 μm nanorod thin layer on the 
nanoparticle electrode could effectively block the light transmittance. With a 
similar dye loading level, the bilayer DSSC had a much higher photocurrent 
density than the net nanoparticle layer. This demonstrates the excellent light 
scattering behaviour of the surface modified nanorods. 
It has also been found that the surface modified nanorods not only have higher 
surface areas than untreated nanorods, but also showed superior electrical 
conductivity. The TiO2/dye/electrolyte interface resistance in the nanoparticle 
device was 127.5 Ω. When a thin layer of surface modified nanorods was added to 
the electrode, the resistance was reduced to 75.2 Ω. 
The surface modified nanorods showed excellent light scattering behaviour and 
their hierarchical structure also provides effective pathway for electron transport. 
As a result, an energy conversion efficiency as high as 7.12% was achieved. 
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7 Conclusions and Future Work 
7.1 Conclusions  
This project explored the application performance of hydrothermally synthesised 
single crystal TiO2 nanorods in DSSC, as either photoactive layer or light 
scattering material. The main conclusions drawn from the project are listed below: 
Hierarchical nanorods-on-a-nanofibre TiO2 was synthesized by a simple 
hydrothermal technique using electrospun TiO2 nanofibres as substrate. The 
hydrothermal conditions greatly affected nanorod formation and morphology. The 
nanorod dimension and rutile crystal content increased with increasing the 
precursor (TNB) concentration during the synthesis. Coarse nanorods were 
obtained when increasing the hydrothermal temperature. The reaction temperature 
had a larger effect on nanorod length than the diameter. Both nanorod diameter 
and length increased with hydrothermal reaction time. DSSC made of nanorod 
working electrode had a conversion efficiency up to 4.69%. 
Although the DSSC devices with working electrode made of nanorods had lower 
energy efficiency than those from TiO2 nanoparticle, the DSSC performance can 
be improved by increasing the surface area of TiO2 nanorod through a surface 
treatment. When the spine-like nanostructure was grown on the TiO2 nanorods, 
the treatment mainly increased the surface area, but the single crystal 
characterization of nanorod structure maintained unchanged. The TiCl4 
concentration was an important parameter affecting nanospine formation. At low 
TiCl4 concentration, particle-sized nanostructure was formed on the nanorod 
surface, and these nanoparticles gradually turned into one-dimensional nanospines 
with the increasing concentration. However the separated nanopines tend to form 
bundles when the TiCl4 concentration was too high.  
The surface modification considerably increased energy conversion efficiency of 
DSSC device when TiO2 nanorods were used as active working electrode layer, 
making the devices have energy efficiency better than those made of commercial 
TiO2 nanoparticles. The secondary nanostructure on the modified nanorods also 
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improved the electrical contacts between the nanorods, therefore the electrodes 
having the surface modified nanorods exhibited higher electrical conductivity than 
these made of nanoparticles.  
Nanorod layer exhibited greatly improved light scattering performance than 
nanoparticles. It has been found that a layer of nanorod thicker than 3 μm could 
effectively block incident light in a wide wavelength range. A bilayer working 
electrode was fabricated by coating a thin layer of TiO2 nanorods onto TiO2 
nanoparticle bottom layer. The strong light scattering effect of the nanorod layer 
improved the light harvesting to generate higher photocurrent density than 
nanoparticle electrode, in spite of its lower surface area. Also because of the 
single-crystalline structure of the nanorods, they provided better electron transport 
pathway with longer electron life time. 
The thickness of the nanorod layer within the bilayer working electrode played an 
important role in determining the photocurrent density of the solar cells. An 
energy conversion efficiency as high as 6.6% could be achieved when the 
working electrode was made of a 12 μm thick TiO2 NP layer covered with 3 μm 
thick nanorods.  
The bilayer electrode with the surface modified nanorods showed excellent light 
scattering behaviour and extended electron lifetime. As a result, an energy 
conversion efficiency as high as 7.12% was achieved by the device made of the 
surface modified nanorods. 
7.2 Future Works  
Based on the results in this research, future work are suggested as follow: 
Preparing anatase phase TiO2 nanorods 
Due to the difference in band gap and crystal facet energy, rutile and anatase 
crystals would have different photovoltaic properties. It would be interesting to 
prepare pure anatase phase TiO2 nanorods by adjusting hydrothermal conditions 
and compare their photovoltaic performance with rutile phase nanorods. 
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Increasing nanorod surface area through surface etching. 
Instead of growing secondary nanostructure on nanorods, the surface area of 
nanorod can also be increased by chemical etching in strong acid or basic solution 
to form porous structure.   
Fabricating working electrode using NP/S-NR mixture 
By mixing nanoparticles and surface modified nanorods to form monolayer 
composite working electrode may be also a sufficient approach to achieve high 
electrode surface area, ideal electron transport and efficient light scattering. 
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Appendix  
1. Thickener-free Electrospinning of TiO2 Nanofibres 
from Thickener-free Precursor Solution for Dye-
Sensitized Solar Cells 
Introduction 
TiO2 nanofibres are often prepared by electrospinning a titanium precursor 
solution in the presence of a polymeric thickener, such as Polyvinylpyrrolidone 
(PVP), which functions to increase solution viscosity and improve the spinning 
ability, and by subsequent calcination of the as-spun precursor fibres to remove 
the organic component and crystalize the TiO2 phase. A considerable fibre 
shrinkage often results from the preparation process, which leads to poor bonding 
between the nanofibres and the substrate. The use of thickener also results in 
porous fibre structure. These issues have limited the application of electrospun 
TiO2 nanofibres in the field of DSSC.   
This work was undertaken in the 1st year of my PhD study. The initial idea was to 
prepare TiO2 nanofibres from an electrospinning technique, without adding any 
thickener to the processor solution. Since no thickener was employed, the TiO2 
fibres should have a dense fibre structure and no shrinkage during fibre formation, 
which could be used to tackle the above mentioned challenge.  
Through controlling the hydrolysis reaction, the precursor solution suitable for 
electrospinning was achieved. Since no polymeric material was added into 
precursor solutions, high temperature calcination was avoided. This novel 
electrospinning process can also provide a chance to prepare TiO2 nanofibres with 
larger crystal size, which is hard to achieve using conventional electrospinning. 
Effort to increase surface area of the nanofibre web was also made through an 
emulsion electrospinning process.  
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Experimental   
The precursor solution was prepared by distilling a solution mixture of titanium 
(IV) teri-butoxide, H2O and hydrochloride acid (HCl, 35%) in 2-methoxyethanol 
(MOEO) (Method 1) or diethylene glycol monomethyl ether (DEGME) (Method 
2). The solution was then electrospun into nanofibres (applied voltage=15 kV; 
spinning distance=18 cm; flow rate=1.0 ml/h), followed by low temperature 
calcination at 300 ~ 400 ºC for 3 hours. Main steps of the electrospinning are 
shown in Figure A.1. 
 
Figure A. 1 Illustration of processes for electrospinning. 
Results and Discussion  
Figure A.2 shows the possible chemical reactions during the solution preparation. 
Ligand substitution between titanium alkoxide and alcohol happened at the initial 
stage of the distillation (Figure A.2a), then followed by precursor hydrolysis in the 
mixture (Figure A.2b). After condensation (Figure A.2c&d), a viscous solution 
suitable for electrospinning was generated (Figure A.3).  
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Figure A. 2 Possible reactions during preparation of the precursor solution for 
electrospinning: (a) ligand substation, (b) hydrolysis, (c & d) condensation. 
 
 
Figure A. 3 Digital photo of the solution prepared for thickener-free electrospinning. 
1.1 HCl Effect 
It has been found that HCl played an important role in adjusting fibre diameter. 
As shown in Figure A.4, the as-spun fibres had an average diameter of around 5 
μm. By adding only 10 μl HCl into a 45 ml solution, the average fibre diameter 
was significantly reduced to only 700 nm. The fibre sizes were further decreased 
when more HCl was added. However the fibre diameters became uneven.  
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Figure A. 4 SEM images of the as-spun fibres prepared from thickener-free solutions 
with (a) 0 μl, (b) 10 μl and (c) 20 μl HCl. 
 
 
Figure A. 5 SEM images of as-spun fibres prepared from thickener-free solutions with 
HCl added (a) before and (b) after the distillation process.  
Figure A.5 shows the SEM images of the fibres prepared from the thickener-free 
solutions containing HCl. By just adding 10μl HCl to the solution, uniform fibres 
were obtained. However, if HCl was introduced into the solution after distillation, 
beaded fibres were prepared. HCl could increase the solution charge density, and 
was also involved in the chemical reactions.  
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1.2 Solvent Effect 
 
Figure A. 6 SEM image and diameter distribution of TiO2 fibres prepared from the 
thickener-free solution using Method 1 (a & b) and Method 2 (c & d). 
Two organic solvents, MOEO (Method 1) and DEGME (Method 2), were added 
into electrospun precursor solution, and the mixed solution was then subjected to 
a distillation process to obtain suitable viscosity for electrospinning. The SEM 
images of the resulting nanofibres are shown in Figure A.6. Method 2 could 
produce much finer and more uniform TiO2 fibres (average diameter 333 nm) than 
those prepared using Method 1 (736 nm). 
DEGME has a higher boiling point (193°C) than MOEO (124°C). During the 
distillation process, DEGME was only partially removed from the solution. The 
advantage of using DEGME was that the solution could establish chemical 
bonding with TiO2 hydrolysis sol, hence assisting in electrospinning. 
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Figure A. 7 Digital and SEM images of the TiO2 fibres prepared from Method 1 (a & b) 
and Method 2 (c & d). 
Figure A.7 shows that the TiO2 fibre mat prepared by Methods 1 and 2. The mat 
prepared by Method 1 was brittle, full of cracks, and very hard to be peeled off 
from the collector. Meanwhile the mat prepared by Method 2 was flexible and 
can be easily peeled off from the collector without cracking.  
1.3 Comparison between Thickener-Free Electrospinning and Conventional 
Electrospinning 
TiO2 nanofibres were also prepared using the conventional electrospinning 
process in which PVP was added as the thickener. The fibres electrospun from 
two electrospinning processes were subjected to a calcination treatment to form 
pure TiO2 nanofibres.  
The TGA results in Figure A.8 show that nanofibres from conventional 
electrospinning contained much more organic components than those form the 
thickener-free electrospinning, due to the addition of PVP in the former solution. 
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A calcination temperature around 520°C had to be employed to remove PVP from 
the fibres. However, the fibres prepared from the thickener-free electrospinning 
required lower calcination temperatures (around 320 °C for Method 1 and 395 °C 
for Method 2). 
 
Figure A. 8 TGA curves of different as-spun fibres. 
The TEM and SEM images of the TiO2 nanofibres after calcination are shown in 
Figure A.9. Nanofibres from the thickener-free electrospinning had larger fibre 
diameters. Because of the removal of PVP during the calcination process, the 
TiO2 nanofibres prepared using conventional electrospinning had a rougher 
structure. 
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Figure A. 9 TEM (a & b) and SEM (c, d, e & f) images TiO2 nanofibres prepared using 
thickener-free (a, c & e) and conventional (b, d & f) electrospinning. 
The XRD patterns of the TiO2 nanofibre are shown in Figure A.10 which indicate 
that the fibres are made up with pure anatase phase crystals. The average crystal 
size of the nanofibres calculated based on the Scherrer Equation are list in Table 
A1. The TiO2 nanofibre produced from conventional electrospinning had an 
average grain size of 19.0 nm, while that from thickener-free electrospinning had 
a grain size around 44.3 nm and 33.2 nm for Method 1 and Method 2, 
respectively. This result was consistent with the results from the TEM images in 
Figure A.9a & b.  
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Figure A. 10 XRD patterns of different TiO2 nanofibres. 
 
Table A. 1 Physical properties of different TiO2 nanofibres. 
Sample 
Ave. diameter 
(nm) Calcination temperature 
(°C) 
TiO2 
content 
(%) 
Crystal 
size 
(nm) 
Surface area 
(m2/g) As-
spun Calcinated 
Method 1 736 603.9 320 75.2 44.3 4.4±0.65 
Method 2 333 242.4 395 69.1 33.2 10.6±0.15 
Conventional 
method 214 138.5 520 33.2 19.0 22.29±0.37 
 
1.4 DSSC Performance  
TiO2 nanofibres were ground into fine powders to prepare working electrode in 
DSSC devices, and their photovoltaic performance was examined. Figure A. 11 
shows the surface morphology of the working electrodes prepared from ground 
TiO2 nanofibres. 
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Figure A. 11 SEM images of the working electrodes made of TiO2 nanofibres prepared 
from (a) Method 1, (b) Method 2 and (c) Conventional electrospinning. 
 
 
Figure A. 12 IPCE curves of the DSSCs 
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Figure A. 12 shows the IPCE results of the devices. For the device with 
nanofibres made by Method 1, a lowest IPCE value was obtained. And for the 
device having nanofibres prepared by conventional electrospinning, it had the 
highest photon-to-current efficiency among three devices. Based on the J-V 
curves in Figure A.13, photovoltic properties were obtained and listed in Table 
A.2. 
 
Figure A. 13 J-V curves of the DSSC devices with working electrode made of TiO2 
nanofibres prepared from (a) Method 1, (b) Method 2 and (c) Conventional 
electrospinning. 
 
Table A. 2 DSSC properties of different devices. 
Parameters Cell: Method 1 Cell: Method 2 Cell: Conventional method 
Voltage  680.00 mV 785.00 mV 730.00 mV 
Current density 153.62 uA/cm2 3.16 mA/cm2 6.45 mA/cm2 
Fill Factor 29% 62% 63% 
Efficiency 0.03% 1.54% 2.99% 
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All the devices had a similar photovoltage, however the photocurrent density of 
the device from Method 1 was lower than that of the other two devices, which 
was probably related to its low surface area. The overall energy conversion 
efficiency was 0.03%, 1.54% and 2.99% for the devices prepared from Method 1, 
Method 2 and conventional electrospinning, respectively. 
2. Microemulsion Electrospinning 
Previous results in the thickener-free electrospinning have resulted in coarse TiO2 
fibres with low surface area. To increase the surface area, hollow TiO2 nanofibres 
were also prepared using a microemulsion electrospinning approach.  
Here, a mineral oil was mixed with the spinning solution to prepare thickener-free 
electrospun nanofibres. Figures A. 14a & b show the cross-sectional and surface 
morphologies of the TiO2 fibres, which had a hollow structure and the fibre 
average diameter was about 350 nm.  
 
Figure A.14 SEM images of the TiO2 nanofibres prepared using emulsion 
electrospinning without (a, b) and with (c, d) the surfactant.  
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By introducing a cationic surfactant, cetyltrimethyl ammonium bromide (CTAB), 
into the spinning solution, fibre diameter was reduced to around 240 nm with the 
hollow structure intact (Figure A. 14c & d), meanwhile the dense fibre surface 
also became porous. 
3. Photocatalytic Property  
In this part, TiO2 nanoparticles (NP), nanorods (NR) and surface modified 
nanorods (S-NR) were used as catalysts and their photocatalytic performance on 
degrading Rhodamin B (RhB) was-investigated. 
 
Figure A.15 Digital image of the RhB solution degraded by S-NR for different time. 
10 mg of different TiO2 materials were dispersed in 10 mL RhB aqueous solutions 
(50 μM). The mixture was irradiated by a UV lamp with wavelength of 350-400 
nm. 
From the digital images in Figure A.15, it can be seen that the surface modified 
nanorod is an effective photocatalyst to degrade RhB. The pink colour of the RhB 
solution almost disappeared after 30 minutes UVA irradiation. The UV-Vis 
absorption spectra of all the solution in Figure A.16 all exhibit a maximum 
absorption peak at 554 nm, and after which the absorbance decreased with the 
increasing of irradiation time.  
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Figure A.16 UV-Vis absorption spectra of the RhB solution degraded by S-NR. 
Comparing the photocatalytic performance of S-NR with nanoparticles, nanorods 
and nanofibres (Figure A.17), the S-NR solution had the most manifest colour 
change after 30 minutes irradiation, which suggested the highest level of 
photodegradation of RhB in the solution. 
 
Figure A.17 Digital image of the RhB solutions after 30 minutes irradiation. 
In Figure A.18, the ratio (C/C0) of the measured RhB concentration (C) and the 
original RhB concentration (C0) was plotted to demonstrate the photocatalytic 
performance of different TiO2 materials. All four TiO2 structures had a close 
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photodegradation speed in the first 10 minutes, while after that the surface 
modified nanorods showed superior photocatalytic performance to the rest three. 
After 30 minutes irradiation, 92% of the RhB was degraded by the surface 
modified nanorods, while the figure was 42%, 51% and 70% for the nanofibres, 
nanorods and nanoparticles, respectively. 
 
Figure A.18 Photodegradation of RhB by different TiO2 materials. 
 
Conclusions 
In this study, TiO2 nanofibres were successfully prepared using a thickener-free 
electrospinning process. Without any polymeric thickener, pure TiO2 nanofibres 
can be formed at a low calcination temperature.  
Compared with the nanofibres prepared using conventional electrospinning, those 
prepared from the thickener-free solutions had larger crystal sizes and fibre 
diameters, and the mechanical flexibility of the fibre mat was also improved. 
However due to the low surface area, TiO2 nanofibres from thickener-free 
electrospinning had inferior DSSC properties to conventional TiO2 nanofibres.  
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Effort has also been made to increase fibre surface area by creating pores within 
TiO2 nanofibres and understand photocatalytic performance of different TiO2 
structures. 
 
 
 
